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Preface 
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Shis  study  is  an  attempt  to  determine  human  operator  models  used 
in  predicting  the  performance  of  human  trackers  when  operating  control 
systems  vdth  Gaussian  noise  plus  step  inputs*  Performance  measurements 
of  human  trackers  operating  control  systems  can  be  used  to  establish 
the  parameters  of  the  describing  function  r 'del.  Therefore,  a  major 
portion  of  this  thesis  deals  with  the  collection  and  analysis  of  data 
from  tracker  controlled  systems  with  Gaussian  inputs,  with  step  inputs, 
and  with  combined  step  and  Gaussian  inputs. 
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A3STHACT 


A  study  was  node  of  describing  function  models  of  human  trackers 
while  operating  control  systens  with  Gaussian  plus  step  inputs,  Tho 
parameters  in  the  describing  function  model  were  adjusted  using 
existing  parameter  adjustment  rules  and  experimental  data.  Four 
performance  measures  were  determined  from  the  experimental  data  to 
assess  their  usefulness  in  adjusting  the  parameters  of  huacn  pilot 
describing  function  models. 

The  experiments  were  run  using  three  subjects  with  varied  levels 
of  flying  experience.  2tch  subject  wss  given  the  single  task  of 
controlling  a  system  with  one  of  throe  different  controlled  elements; 

H,  k/S,  x/s2.  Data  were  collected  on  each  subject  for  each  system 
with  a  single  step  input,  Gaussian  input,  and  Gaussian  plus  stop  input. 
Comparisons  of  the  output  of  the  piloted  systems  and  the  model  systems 
ware  made,  and  suggestions  for  applications  to  the  controlled  element 
dynamics  were  offered. 
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SXTSSSIC H  OF  HUKAN  B2SCRI-JJG 
FUNCTION  M0D2LS  TO  STSF  PLUS 
RANDOM  APPEARING  INPUTS 


I.  Introduction 


Background 

In  the  past  several  years.  Interest  has  been  generated  in  ncn- 
machine  systems  with  particular  emphasis  on  determining  the  role  and 
response  of  man  in  the  system*  Mathematical  models,  which  imitate 
human  behavi  or  during  a  particular  task,  have  been  developed*  Ken 
such  as  jflMnd,  HcRubt,  and  Grabs n  have  gained  distinction  in  the 
growing  area  of  human  response  nodding.  The  United  States  Air  Force 
has  an  obvious  interest  in  tais  area  beeausr  of  the  relationship 
between  sun,  the  pilot,  and  the  machine,  the  airplane* 

The  Air  Force  Tli^at  ltynacd.es  Laboratory  at  Urijpit-Patterson  Air 
Force  Base  has  been  conducting  in-house  studies  and  contracting  for 
research  in  the  area  of  human  response*  Of  particular  interest  at 
present  is  the  development  of  a  model  that  would  predict  the  response 
of  a  pilot  in  a  one-step  landing  system*  A  one-step  landing  system 
would  allow  a  pilot,  flying  along  a  glide  path  towards  a  runway,  to 
make  one  major  change  in  his  fligxt  path  before  touchdown*  A 
prediction  of  the  proper  altitude  at  which  to  this  change  is 
dependent  on  the  characteristics  of  the  aircraft  and  the  response  of 
the  pilot*  The  mathematical  equations  representing  the  aircraft 
characteristics  are  known,  since  the  formulation  of  appropriate 
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transfer  functions  is  normally  accomplished  during  the  design  and 
construction  of  the  aircraft.  The  mathematical  equations  representing 
the  responses  of  the  pilot  in  particular  tasks  are  being  developed  as 
data  is  accumulated  from  the  experiments  of  many  individual  in  this 
field.  Accurate  models,  which  could  predict  pilot  response,  would  be 
of  benefit  in  performing  handling  qualities  and  manual  control  analysis 
during  aircraft  development,  construction,  and  modification.  Pilot 
models  would  also  be  useful  for  determining  the  feasibility  of 
performing  a  particular  aircraft  manuver  such  as  a  one-step  landing, 
without  actually  flying  the  aircraft. 

In  a  one-step  landing,  although  only  one  major  change  in  flight 
path  is  needed,  minor  adjustments  must  be  made  to  prevent  the  aircraft 
from  being  blown  off  the  glide  path  by  wind  gusts.  Hunan  pilot 
describing  function  models  have  been  developed  for  predicting  pilot 
performance  in  controlling  a  single  loop  system  in  the  presence  of 
Gaussian  input  signals,  representing  wind  gusts.  (Bef  9)*  Adjustment 
rules  for  setting  the  parameters  of  the  model  are  well  defined  and 
used  extensively.  (Bef  11).  Application  of  the  describing  function 
modal  has  been  applied  to  nonlinear  systems  (Ref  6),  and  to  systems 
with  step  inputs  (Bef  14)  •  However,  few  data  are  presently  available 
for  determining  pilot  performance  in  a  situation  such  as  the  one-step 
landing  system  where  the  input  to  the  system  is  a  Gaussian  random 
disturbance  plus  a  ccccand  step  signal.  A  preliminary  study  was  dene 
at  the  Air  Force  Flight  Dynamics  Laboratory  (Bef  1  &  3).  Also,  a  dual 
mode  pilot  model  (surge  model)  has  been  proposed  (Bef  5 )  and  some 
results  for  random  inputs  plus  "step-like  discontinuities"  are 
available.  However,  only  the  pure  gain  controlled  element  was 
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considered,  and  the  model  is  fairly  complicated. 

The  Problem 

An  evaluation  of  the  existing  human  pilot  describing  function  . 
model  is  necessary  to  determine  how  well,  if  at  all,  the  model  predicts 
the  performance  of  a  pilot  in  a  system  which  has  Gaussian  plus  step 
inputs.  A  determination  of  the  best  performance  criteria  to  use  in 
adjusting  the  model  parameters  is  also  necessary.  The  relationship 
between  the  performance  measures  and  adjusteaent  rules  us~d  for  a  system 
with  Gaussian  input  and  the  measures  and  rules  used  fen*  a  system  with 
step  inputs  should  be  determined.  Therefore,  the  purpose  of  this 
thesis  is  to  collect  performance  data  by  observing  and  modeling  human 
subjects  operating  single  axis  control  systems.  The  collection  and 
analysis  of  these  data  will  provide  far  &  better  understanding  of 
performance  and  necessary  model  adjustments  in  systems  which  have 
Gaussian  plus  step  signals  applied. 

The  Objectives 

The  objectives  of  this  thesis  are:  (1)  to  collect,  analyze,  and 
correlate  performance  measure  data  of  throe  subjects  operating  systems 
vita  Gaussian  inputs,  step  inputs,  and  combined  Gaussian  plus  step 
inputs,  (2)  to  study  the  existing  human  pilot  describing  function 
model  and  determine  a  method  of  adjusting  its  parameters  from 
accumulated  data  on  actual  pilot  performance,  (3)  to  develop 
techniques  for  combining  the  performance  measure  for  a  system  with 
Gaussian  input  with  the  performance  measure  for  a  system  with  a  step 
input  to  obtain  the  performance  measure  for  a  system  with  Gaussian  plus 
step  inputs,  and  (4)  to  evaluate  the  usefulness  of  the  existing  pilot 
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nodol  end  adjustment  rules  for  predicting  the  output  of  a  manned  oyster, 
when  Gaussian  plus  stop  signals  are  applied. 


Approach 

The  first  stop  was  to  collect  data  on  the  performance  of  three 
subjects  operating  a  simple  single  axis  compensatory  tracking  task. 
Each  subject  has  a  different  level  of  flying  proficiency,  but  each  was 
given  the  same  operating  instructions.  The  experiments  were  sequenced 
from  easy  to  difficult.  Measurements  were  taken  for  three  systems, 
excited  first  with  step  signals,  then  Gaussian  signals,  and  then  step 
and  Gaussian  signals. 

The  second  step  was  to  program  the  pilot  describing  function 
nodal  on  the  analog  computer  so  that  data  for  determining  the  model 
characteristics  could  be  collected.  Graphs  were  prepared  to  show  the 
effect  of  parameter  variation  on  model  performance.  Hoot  locus 
analysis  was  conducted  to  show  trends  in  modeled  system  dynamics. 

The  determination  of  model  characteristics  was  accomplished  so  that 
a  comparison  with  actual  pilot  performance  would  be  possible. 

The  third  step  was  the  correlation  of  data.  An  attempt  was  made 
to  natch  human  performance  with  model  performance  by  using  appropriate 
model  adjustments.  The  final  step  was  to  compare  the  system  output  of 
the  adjusted  model  with  the  system  output  of  the  piloted  model  when 
operated  simultaneously.  Reel  time  recordings  were  taken. 


.  ■a 

1  1 


Scots 


It  should  be  emphasized  that  this  thesis  is  not  a  study  of  the 
development  of  a  new  pilot  model.  The  study  is  limited  to  the 
collection  and  analysis  of  data,  the  evaluation  of  tire  existing  human 
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describing  function  nodal  with  paranoter  variation,  and  the  comparison 
of  piloted  and  nodal  systems  with  Gaussian  plus  step  inputs*  All 
experiments  with  human  subjects  and  the  model  will  be  conducted  for 
systems  with  one  of  three  controlled  elements  and  a  single  unity 
feedback  loop*  The  analog  computer  is  used  in  the  simulation  of  both 
systems.  A  block  diagram  of  the  piloted  and  model  systems  is  shown 
in  Figure  1*  Three  controlled  elements;  X,  x/s,  and  X/S^  are  used* 

No  attempt  was  made  to  use  aircraft  dynamic  equations* 

Four  performance  measurements  were  studied:  (1)  the  time  integral 
of  error  squared,  (2)  the  time  integral  of  time  weighted  error 
squared,  (3)  the  time  integral  of  absolute  error,  and  (4)  the  time 
integral  of  time  weighted  absolute  error.  A  performance  measurement 
is  an  evaluation  of  how  well  a  system  operates;  how  veil  the  output 
follows  the  input,  or  how  small  the  error  can  be  maintained  over  a 
given  time  period*  The  time  integral  of  error  squared  has  been  used 
successfully  to  evaluate  the  performance  of  human  trackers  in  systems 
with  Gaussian  inputs*  The  purpose  of  studying  additional  performance 
measures  was  to  evaluate  their  usefulness  for  systems  with  step,  and 
Gaussian  plus  step  inputs* 
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The  erqjerinents  vere  conducted  in  three  phases*  The  sane  three 
subjects  wore  used  in  each  phase*  Their  Hying  experience  is  listed 
in  Appendix  F.  The  subjects  were  briefed  on  the  purposes  of  the 
experiments*  Their  cooperation  and  interest  through  many  hours  of 
tests  spread  over  several  months  was  extremely  high,  All  experiments 
were  conducted  in  a  single  rood  with  the  subject  seated  in  a  student's 
chair*  A  farce  stick  firmly  attached  to  the  chair  armrest  was  the 
instrument  which  the  subject  used  to  affect  changes  on  the  system. 

The  force  stick  is  explained  in  Appendix  A  and  it  was  used  by  the 
subject  to  correct  for  the  system  error*  The  error  was  displayed  as  a 
vertically  displaced  horizontal  trace  on  a  Tektronics  oscilloscope* 

The  subjects  were  told  that  the  horizontal  trace  represented  the 
pitch  steering  bar  of  an  aircraft.  They  vere  instructed  to  keep  the 
trace  level  with  a  guide  line  taped  to  the  scope  display*  The  force 
applied  to  the  stick  was  electrically  coupled  to  the  controlled 
element  of  the  system*  The  polarity  of  the  stick  control  was  set 
similiarto  an  aircraft  stick;  i*e*  force  applied  away  from  the  subject 
caused  the  horizontal  trace  on  the  scope  to  move  up,  and  visa  versa* 

It  was  emphasized  to  the  subjects,  especially  the  experienced  pilots, 
that  they  should  control  the  stick  in  a  manner  similiar  to  the  method 
in  which  they  handled  an  actual  aircraft  control* 

For  each  set  of  experiments,  the  subjects  were  allowed  three 
practice  runs*  During  these  runs,  the  sensitivity  of  the  stick  was 
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sot  for  comfortable  control  and  the  brininess  and  focus  of  the 
horizontal  oscilloscope  trace  were  set  for  easy  viewing*  Distance 
between  the  subject  and  the  scope  display  was  set  at  five  foot. 

The  oscilloscope  sensitivity  was  set  for  best  utilization.  It  should 
be  noted  that  changes  of  scope  sensitivity  within  reasonable  limits 
has  very  little  effect  on  performance  (Ref  14).  The  noise  level  in 
the  room  was  approximately  half  of  that  vliich  would  be  experienced  in 
the  cockpit  of  an  aircraft.  Subject  1  mentioned  that  he  frequently 
talks  during  actual  flyirg  manuvers,  and  he  asked  if  he  would  be 
permitted  to  talk  during  the  experiments.  To  provide  as  much  realism 
as  possible,  it  was  agreed  that  all  subjects  would  be  allowed  to  talk 
during  the  experiments  if  they  wished.  However,  their  performance  was 
not  discussed  until  all  tests  ware  completed  on  a  particular  system. 

On  several  occasions,  superior  performance  by  subject  1  was  noted 
during  tests  in  which  he  was  talking  frequently. 

In  each  phase,  three  systems  were  tested.  The  first  system 
tested  had  a  pure  gain  controlled  element,  the  second  system  had  a 
single  integrator  with  gain,  and  the  third  system  included  a  dauhLo 
integrator  with  gain.  Hie  subjects  completed  the  loop  of  the  unity 
feedback  control  system  by  sensing  the  error  on  the  scope  and  applying 
a  correction  to  the  controlled  element  with  the  force  stick. 

Phase  X  -  Steo  Input 

During  Phase  I,  tests  were  made  on  each  of  the  three  systems  with 
a  single  one  volt  step  input  applied.  The  application  of  the  step 
caused  a  two  centimeter  trace  displacement  on  the  oscilloscope  when 
set  at  0.5  volts/centimeter;  therefore,  the  scope  was  set  at 
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0.5  volts/centinoter  for  all  runs.  The  subjects  were  given  warning  to 
t/atch  tho  scope  display  preceding  the  application  of  the  step.  The 
step  w as  randomly  applied  within  «  tine  interval  of  thirty  seconds, 

A  nardnun  tine  of  twenty  seconds  was  given  for  the  subjects  to  zero 
the  error.  The  analog  computer  was  then  placed  in  hold  and  the 
readings  were  taken  fran  the  digital  voltneter.  Also,  reel  tine 
recordings  of  the  input,  output,  error,  and  farce  voltages  were  aade, 
Tran  these  recordings,  measurements  were  taken  of  the  static  tine 
delay  between  the  input  of  the  step  and  the  application  of  force  to 
the  stick.  Twenty-five  runs  were  node  with  each  controlled  element. 
Tor  the  k/s2  controlled  element,  additional  runs  were  occasionally 
necessary  when  the  subject  lost  control  due  to  over-reacticn  and 
oscilloscope  display  limitations.  It  was  necessary  to  bias  the  stick 
voltage  as  shown  in  Appendix  B  due  to  a  slight  mechanical  hysteresis, 

phase  II  -  Gaussian  Incut 

During  this  phase  of  experimentation,  the  subjects  wore  given 
a  tracking  task  with  Gaussian  input  applied  to  the  system.  Three, 
second  order-filtered  Gaussian  signals  (Appendix  C)  were  used,  one 
with  a  break  frequency  of  0,5  radians/second,  another  with  a  break 
frequency  of  1.0  radians/second,  and  the  third  with  a  break  frequency 
of  1,5  radians/ second.  To  ensure  that  each  run  was  of  equal  length, 
the  automatic  hold  circuit  of  the  analog  computer  was  employed  at 
exactly  sixty  seconds  fren  the  start  of  the  run.  Reuse  of  each  of  tho 
three  signals  was  accomplished  by  employing  the  San  game  magnetic  tape 
recorder/reproducer  in  loop  operation.  The  production  of  the  Gaussian 
signals  is  discussed  in  Appendix  C,  To  avoid  criticism  that  the 
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subjects  would  learn  the  nature  of  the  threo  signals,  the  input  “ran 
switched  after  each  sixty  second  trial.  Occasionally,  first  order- 
filtered  signals  were  applied  from  the  tape  to  prevent  over  familiarity 
with  the  three,  second  order-filtored  signals  used  for  the  data 
collection. 

for  the  sigrvl  with  the  1.5  radians/second  ’area:-:  frequency  and 
the  signal  with  the  0.5  radians/second  ’areal:  frequency,  nine  ono- 
ninute  tests  were  made  for  each  of  the  three  controlled  elements,  for 
the  signal  with  a  1.0  radian/second  break  frequency,  only  four  one- 
minute  tests  were  accomplished. 

Phase  in-  Gaussian  Plus  Step  Inuuts 

The  third  phase  of  the  experiment  was  completed  using  two  of  the 
three  Gaussian  signals  used  in  phase  Uj  the  1.5  radians/second  signal 
and  the  0.5  radians/second  signal.  A  1,  3,  or  5  volt  step  was  applied 
at  some  random  time  within  the  flr&t  twenty  seconds  of  the  run.  five 
tests  for  each  signal  applied  to  each  of  the  three  systems  were 
accomplished.  Therefore,  each  subject  performed  a  total  of  ninty 
tests  during  this  phase.  As  mentioned  before,  the  subjects  worhed 
the  easiest  system  first  and  progressed  to  the  more  difficult  system. 
Jill  runs  were  sixty  seconds  long.  The  time  lapse  between  the 
beginning  of  the  run  and  the  application  of  the  step  was  measured  with 
a  hand  stop  watch. 
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Performance  Measures 

The  following  performance  measures  were  used  to  evaluate  each 


experiment: 


(1) 

J  e2  dt 

(2) 

J  te2  dt 

(3) 

f  lei  dt 

(4) 

/tlel  dt 

The  measures  were  programmed  on  the  analog  computer  as  discussed  in 
Appendix  3.  One  difficulty  occurred  with  the  multipliers  used  on 
the  analog;  non-linearity  of  the  diodes  when  operated  near  zero  volts, 
resulted  in  erroneous  readings  for  Jte2  dt  during  some  experiments  in 
Phase  n  and  Phase  HI#  Time  was  represented  by  volts,  so  it  was 
necessary  to  start  xhe  time  at  ten  rather  than  zero.  This  was 
accomplished  try  applying  an  initial  condition  of  ten  volts  to  the 
timing  integrator*  The  timing  problem  made  it  impossible  to 
road  jte2  dt  and  Jtlej  dt  directly*  The  following  developcont 
indicates  how  these  measures  were  determined.  Since 


therefore 

Similarly, 


One  objective  of  this  study  was  to  determine  if  a  linear 
relationship  existed  between  the  measures  recorded  for  the  piloted 
systems  with  separate  step  and  Gaussian  inputs,  and  the  measures 
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recorded  for  the  piloted  systems  with  combined  Gaussian  plus  step 
inputs*  The  following  hypothesis  was  formulated  for  each  performance 
measure* 


/(es  +  eg)2  dt  =  f(e s2  +  2eses  +  eg2)  dt 

Cl  o 

=  f  e g2  dt  +  (2eseg  dt  +  Tog2  at 

C  «* 

If  the  term  J  2eaeg  dt  is  small  enough  to  ignore,  then  the  additive 

^  /7  rT 

relationship  J  (ea  +  eg)2  dt  =  Jer  2  dt  +  j  eg2  dt  results. 


dt 


Jo^es  +  eg)  dt  =  ^t(ea2  +  2eseg  +  eg)2 

=  Jtte s2  dt  +  y^2teseg  dt  +  ^teg2  dt 
If  the  assumption  is  made  that  ^2teseg  dt  is  very  small,  then 
/  t(es  +  eg)2  dt  will  approximately  equal/  tes2  dt  +  /te~2  dt. 
However,  knowledge  of  the  time  when  the  step  input  is  applied,  is 
required  go  determine,  the  value  £ tea2  dt.  It  appears  that  the 
complications  involved  in  determining  this  value  would  eliminate 


the  use  of  this  performance  measure  for  determining  model 
parameter  values  in  a  system  with  Gaussian  plus  step  inputs* 
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IAS 

y*leg  +  0C1  dt  ^  ^(legl  +  legl)  dt 
Tf  tho  assumption  is  Bade  that  the  error  due  to  the  step  input 
is  normally  of  the  same  polarity  as  the  error  due  to  the  Gaussian 
signal  then  the  absolute  value  of  the  sun  will  equal  the  sum  of  the 
absolute  values.  If  the  subject  was  maintaining  the  error  at  an 
extremely  low  level  whan  the  step  was  applied,  then  equality  of  the 
above  night  be  possible.  Although  the  esauEcptloins  for  equality  were 
doubted  before  experimentation,  the  measurements  were  taken  to  clarify 
the  issue. 

im 

s  +  esl  dt  ^  f% (esl  dt  +  dt 

The  sane  assumption  must  be  made  for  this  measure  as  made  for 
the  IA3.  The  time-varying  aspect  of  this  relationship  further 
increases  the  computational  difficulties  in  using  this  measure  to 
determine  the  parameters  of  a  model  system  farced  with  Gaussian  plus 
step  signals.  However,  the  ITAE  is  possibly  a  good  performance 
measure  for  a  system  with  step  inputs. 
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III.  Describing  Function  Model  and  Analog  Simulation 
The  Sdstlng  Model 

The  human  pilot  acts,  in  general,  as  a  nonlinear  and  time-'/arying 
device  in  a  control  system*  To  develop  a  model  to  respond  in  a  manner 
similar  to  that  of  a  pilot,  is  a  difficult  task*  However,  a  human 
describing  function  model  has  been  developed  which  simulates  pilot 
responses  in  a  control  system  when  random  Gaussian  signals  are  applied. 
(Ref  11)*  The  general  quasi-linear  model  appears  as  a  LaPlace 
transformed  equation, 

(TjS  +  IHTjS  +  1) 

with  S  as  jv  since  this  is  a  describing  function*  The  pure  time  delay 
is  represented  by  the  gain  by  Kp,  the  general  lead  term  as  T^, 

the  general  lag  term  as  TI*  and  the  first-order  lag  time  cou-.tant 
approximation  of  the  neuromuscular  system  as  Tg*  The  neuromuscular 
lag  approximation  is  often  eliminated  and  the  pure  time  delay  term,  Tf 
is  modified  to  include  the  neuromuscular  tine  constant*  The  result  is 
an  effective  time  delay  uerm  C*^,  where  Y  =  T*  +  Tg*  The  simplified 
version  of  the  pilot  describing  function  model,  represented  in  Laplace 
transform,  is 

T»  =  . 

^  (ns  +  D 

The  model  parameters,  T,  TL,  TX,  and  Kp  are  appropriately  adjusted  for 
the  type  of  system  being  controlled*  In  a  control  system,  where  the 
controlled  element  is  pure  gain,  the  lead  time  constant,  if  any,  is 
extremely  small  in  relationship  to  the  lag  term,  and  thus  can  be 
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eliminated.  When  the  coax- oiled  element  is  K/s,  the  lead  aad  lag  time 
constants  are  equal  or  zero,  and  with  a  K/S2  controlled  element,  the 
lag,  if  any,  is  email  in  relation  to  the  lead  time  constant  and  can  be 
eliminated*  The  specific  model  form  is  shown  with  the  corresponding 
controlled  element  in  Table  1* 


Table  1 


The  Simplified  Models 


Controlled  Element 

Model 

X 

Y  s  -friC?!.- 
^  (TjS  +  1) 

k/s 

•d* 

II 

•J* 

- - 

x/s2 

Ip  =  ~p  (TjS  +  1)  £“tt> 

The  model  parameters  not  only  depend  on  the  type  of  system,  but 
the  type  of  input  and  on  the  exi stance  of  physical  nonlinearities* 
Adjustment  rules  governing  the  model  operation  have  been  developed* 
(Itef  11:18)*  Since  the  first  consideration  of  the  human  operator  is 
to  maintain  stability,  the  model  parameters  must  be  set  for  stable 
operation*  The  second  consideration  of  the  human  operator  is  the 
maintenance  of  good  low  frequency  operation  by  generating  lag,  if 
necessary.  After  adjusting  for  good  low  frequency  operation,  the 
pilot  then  generates  lead,  if  necessary,  to  improve  high  frequency 


5 


G3/23/69S-2 


response.  With  the  parameters,  Tj,  T^,  and  T,  partially  adjusted,  the 
gain,  Kp,  is  then  set  to  the  optimum  operating  level.  It  is  thought 
that  tho  operator  adjusts  gain  to  minimize  the  mean-squared  error.  The 
formulated  rules  also  include  certain  invariance  properties.  First, 
the  operator  adjusts  his  gain  to  compensate  for  variations  of  the 
controlled  element  gain,  thus  over-ell  system  gain  remains  relatively 
constant.  Second,  system  cross-over  frequency  is  invariant  with 
changes  of  input  bandwidth,  provided  the  input  bandwidth  is  less  than 
the  cross-over  frequency.  Third,  when  the  bandwidth  increase'  ~o,  and 
goes  beyond,  the  cross-over  frequency,  the  operator,  varf.es 
operation  to  maintain  stability  and  good  low  frequency  response.  This 
appears  as  a  reduction  in  operator  gain  and  lead,  and  is  known  as 
regression. 

Model  Simulation 

Assuming  that  the  existing  model  was  applicable  to  the  experiments 
performed  in  this  study,  a  method  f  r  identifying  the  appropriate  model 
values  was  necessary.  To  facilitate  matching  the  model  with  the 
subjects,  the  model  was  simulated  on  the  analog  computer,  and  a  series 
of  tests  were  run  to  determine  changes  in  the  mean-squared  error,  as 
the  parameter  settings  were  varied.  To  program  the  analog  computer,  it 
was  necessazy  to  use  an  approximation  to  the  pure  time  delay.  The 
first  order  Fade*  approximation  was  chosen,  because  of  its  constant 
amplitude  characteristics  for  all  frequencies.  However,  the  phase 
difference  between  the  Fade*  approximation,  and  the  actual  time  delay, 
becomes  pronounced  as  frequency  is  increased.  The  LaPl&ce  transform 

of  the  Fade*  approximation  is  (1  -  O.gtS)  . 

(1  +  O.flfe) 
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A  root  locus  stufiy  was  conducted  to  determine  the  appropriate 
parameter  settings  for  the  analog  simulated  model.  Settings  causing 
unstable  operation  were  identified.  The  root  loci  of  both  the  model 
with  Pade*  approximation  and  the  human  describing  function  with  pure 
time  delay  were  computed.  Loci  diagrams  are  shown  in  Figures  2-33. 

The  plots  were  programmed  on  the  134  7094  Digital  Computer  and  drawn 
on  the  Cal-Canp  plotter.  The  parameter  settings  used  for  each  plot 
wore  chosen  from  a  range  of  values  considered  in  previous  studies 
(Hef  11),  and  are  listed  in  Table  2.  The  title  for  the  human 
describing  function  model  plots  with  pure  time  delay  was  shortened  to 
"Human  Describing  Model."  The  title  for  the  simulated  model  plotj 
using  the  Pade1  approximation  is  "Analog  Simulated  Model." 

The  gain  for  optimm  operation  of  the  model,  minimum  xv,an  error- 
squared  of  the  simulated  model  with  a  second  order  filtered  Gaussian 
input  having  a  break  frequency  of  1.5  radios  per  second,  is  identified 
on  both  the  analog  simulated  plots  and  the  lu&an  describing  function 
plots.  The  following  observations  were  made  freen  the  root  locus  study: 

At  the  gain  setting  far  minima  mean  error-equared  of  the  simulated  model, 

1)  the  undamped  natural  angular  frequency  of  the  human  describing 
function  was  less  than  that  of  the  simulated  model, 

2)  the  damping  factor  of  the  human  describing  function  was  less 
than  the  damping  factor  of  the  pure  gain  controlled  element  model  with 
snail  lag  constants,  and  greater  than  the  damping  factor  of  the  model 
with  larger  lag  constants, 

3)  for  large  lead  constants  In  the  system  with  the  K/S2  controlled 
element,  the  damping  factor  was  greater  for  the  simulated  model,  and  for 
snail  lead  constants,  the  damping  factor  was  greater,  and 
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Variations  in  ilodol  Characteristics 

A  set  of  characteristic  curves  was  developed  to  show  the  effects 
of  parameter  ■variations  on  the  performance  of  the  analog  3im’jlated  model. 
The  input  signal  used  was  Gaussian  white  noise  through  a  socond  order 
filter  (Appendix  C)  with  a  break  frequency  of  1.5  radians  per  second. 

The  mean  squared  error  (called  error  squared  in  the  following)  divided 
by  tho  input  variance  was  plotted  against  the  model  system  gain.  The 
data  used  to  plot  the  curves  were  obtained  on  the  analog  computer. 

The  system  with  a  pure  gain  controlled  element  was  prepared  first. 
Five  curves,  representing  gain  variations  for  five  different  lag  time 
constants  are  shown  in  Figure  34*  The  values  of  lag  selected  are 
consistent  with  values  necessary  for  good  low  frequency  response.  If 
the  tine  delay  and  lag  tine  constant  are  known,  the  gain  necessary  for 
minima  error  squared  can  be  easily  determined  frcca  the  appropriate 
characteristic  curve.  The  gain  voic'd  causes  model  instability  is  also 
found  easily  by  observing  the  rapid  rise  in  the  error  squared  as  gain 
is  increased.  In  Figure  34,  the  delay  tine  is  0.2  seconds.  Similar 
curves  were  plotted  in  Figure  35,  but  the  time  delay  was  increased  to 
0,3  seconds,.  As  the  tine  delay  is  increased,  the  gain  for  minimum  error 
squared  decreases  and  the  minimum  error  severed  increases.  The  gain  for 
unstable  operation  varies  inversely  with  the  time  delay.  However,  it 
was  observed  that  the  gain  for  minimum  error  squared  and  the  gain  for 
unstable  operation  vary  directly  with  the  lag  time  constant.  Therefore, 
an  increase  in  the  tine  delay  and  an  increase  in  the  lag  time  constant 
would  have  a  balancing  effect  m  the  gain  for  alnlCTW  error  squared  but 
an  additive  effect  on  the  value  of  error  squared. 
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FIGURE  34 


Thro-  curves,  shoving  error  squared  versus  gain,  were  plotted 
in  Figure  35.  Three  different  tine  delays  were  used,  0.2  seconds, 
0.25  seconds,  and  0.3  seconds.  As  the  tine  delay  was  increased,  the 
gain  for  minimum  error  squared  and  the  gain  for  unstable  operation 
decreased.  As  expected,  ths  minimum  error  squared  increased  with  an 
increase  in  the  tine  delay. 

The  characteristic  curves  for  the  analog  simulation  of  the  model 
used  with  a  x/s2  controlled  element  are  shown  in  Figure  36  and 
Figure  37.  The  gain  for  minimum  error  squared  varies  inversely  with 
the  lead  time  constant  and  the  delay  tins.  The  minimum  error 
squared  increases  with  an  increase  in  the  tine  delay,  but  decreases 
with  an  increase  in  the  lead  tine  constant. 

Use  of  the  existing  adjustment  rules,  the  root  locus  diagrams, 
ind  the  model  characteristic  curves  reduces  the  guess-work  required 
in  predicting  the  model  parameters  for  proper  system  response  with 
random  appearing  inputs.  To  determine  nodal  parameters  for  step  end 
random  inputs,  the  piloted  system  output  and  appropriate  performance 
measures  must  be  obtained  through  experimentation.  The  necessary 
experimental  results  are  discussed  in  the  next  chapter. 
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IV.  Rxoeriaental  Results 

In  this  chapter,  the  data  collected  trm  each  experimental  phase 
are  analyzed,  and  observations  and  results  are  presented*  The  details 
of  the  experimental  procedures  were  previously  presented  in  Chapter  Ho 
The  use  of  the  performance  measures  for  setting  model  parameters  is 
discussed  at  the  *nd  of  this  chapter* 

Phase  X  -  S  teo  Incut 

Four  performance  measures  were  taken  for  each  step  input*  A  time 
recording  of  the  output,  the  error,  and  the  force  stick  movement  was 
made  for  each  trial  run.  The  average  static  delay  time,  the  time 
between  the  application  of  the  step  and  the  first  movement  of  the 
force  stick,  was  computed  for  all  tests*  All  data  are  listed  in 
Appendix  D.  The  average  delay  time  for  the  three  subjects  was 
approximately  0*28  seconds,  which  approximately  agrees  with  the  results 
of  Reference  14*  The  low  individual  average  delay  time  of  0.23  seconds 
was  noted  for  subject  1  while  operating  the  K/S^  controlled  system* 

The  high  average  of  0.32  seconds  was  computed  for  subject  3  on  the 
2/S^  controlled  system.  The  absence  of  any  trends  in  the  static  time 
delay  values,  indicates  that  the  reaction  time  of  the  individual 
subject  was  more  related  to  his  alertness  on  the  d/  of  the  test  than 
on  the  controlled  element  used*  The  only  conclusion  that  can  be  made 
from  the  computed  data,  is  that  flying  experience  and  a  small  static 
delay  time  apparently  are  related* 

Correlation  coefficients  for  each  performance  measure,  and  for 
the  static  delay  time  were  computed  fTon  the  data  collected  on  the 
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'T  able  3 

Correlation  Coefficients  of  Experimental  Data  for 
Systems  With  K  Controlled  Element  a  and  Step  Inputs 


Subject  1 

ISS 

ITES 

IAE 

ITAS 

Tine  Delay 

JES 

1.000 

.935 

.796 

.173 

.934 

IT3S 

L _ 

1.000 

.800 

.237 

.924 

|  IAS 

1.000 

.728 

.753 

ITAE 

1.000 

.171 

Subject  2 

IES 

ITES 

IAE 

ITAE 

Tine  Delay 

I3S 

1.000 

.7 48 

.721 

.000 

.714 

nss 

1.000 

.639 

.044 

.623 

IAS 

1.000 

.676 

.284 

ITAS 

1.000 

-.332 

Subject  3 

ISS 

ITES 

IAS 

HAS 

Tine  Delay 

ISS 

1.000 

.389 

.436 

.119 

.813  j 

IT3S 

1.000 

.943 

.901 

.099  I 

IAS 

1.000 

.941 

.143 

ITAS 

1.000 

-.164 

1 _ _  _  — -J 
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Table  4 

Correlation  Coefficients  of  Experimental  Data  For 
Systems  With  K/s  Controlled  Elements  and  Step  Inputs 


Subject  1 

IES 

ITES 

1  IAE 

ITAE 

Time  Delay 

IES 

1,000 

.904 

.,829 

.000 

.507 

ITES 

1.000 

_ 

.831 

.083 

.523 

IAS 

1.000 

.545 

.326 

ITAE 

1.000 

—.183 

Subject  2 

IES 

ITES 

IAE 

ITAE 

Time  Delay 

ISS 

1.000 

.959 

.714 

-.085 

.455 

rrss 

1.000 

.827 

.122 

.473 

IAS 

1.000 

.634 

.423 

ITAE 

mem 

.076 

Subject  3 

IES 

ITES 

IAE 

ITAE 

Time  Delay 

IES 

1.000 

.980 

.940 

.783 

.30? 

ITES 

1.000 

.976 

.873 

.260 

IAE 

I233H 

.947 

.241 

ITAE 

1.000 

.157 

i 
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Table  5 

Correlation  Coefficients  of  Experinvental  Data  For 
Systems  With  A/S2  Controlled  Klenents  and  Step  Inputs 


1 

! 

j  Subject  1 

t 

! 

IBS 

ITES 

IAE 

ITAE 

Tine  Delay 

1135 

1.000 

.929 

.880 

.639 

.394 

ITSS 

1.000 

.955 

.791 

.534 

IAS 

1.000 

.894 

.514 

ms 

1.000 

.474 

Subject  2 

IES 

ITES 

IAE 

ITAE 

Tine  Delay 

xss 

1.000 

.894 

.779 

.388 

.038 

ITSS 

1.000 

.960 

.740 

.147 

IAS 

1.000 

.875 

.205 

ms 

1.000 

.251 

Subject  3 

ISS 

ITSS 

, 

IAE 

ITAE 

Tine  Delay 

I3S 

1.000 

.690 

.798 

•370 

-.107 

ITES 

1.000 

.720 

.638 

-.015 

|  IAS 

1.000 

.799 

-.094 

ITAE 

1.000 

—.078 

L _ ; _ J 

twenty-five  runs  made  by  each  subject  operating  each  of  tho  controlled 
elements,  The  coefficients  were  computed  by  using  the  data  from  Tables 
D-1  through  D-6  of  Appendix  D  in  the  equation. 

Correlation  Coefficient  = 

The  computed  coefficients  are  presented  in  Tables  3  through  5*  A 
decrease  in  the  correlation  between  the  time  delay  and  the  performance 
measures  was  noted  as  tne  order  of  the  controlled  element  was  increased. 
Of  the  four  performance  measures  taken,  the  IBS  and  the  IT3S  were 
better  correlated  to  the  static  delay  time.  In  general,  the 
correlations  were  hir^iest  for  th6  subjects  with  flying  experience. 

It  should  be  noted  that  r-dnimza  time  has  also  been  suggested,  as  a 
performance  measure  (Ref  12:68).  However,  observed  pilot  "conservatism “ 
(Ref  1)  seems  to  rule  out  this  measure. 

The  correlation  between  each  of  the  performance  measures  was 
computed  and  also  shown  in  Tables  3  through  5.  If  hi^i  correlation 
existed  between  a ay  two  performance  measures,  the  more  difficult  to 
compute  could  be  eliminated  £rcm  the  useful  list  of  measures.  The 
correlations  between  the  IES  and  the  IT3S,  between  the  IBS  and  IAS, 
and  between  the  IT3S  and  the  IAS  were  all  found  to  be  relatively  high. 
Since  minimizing  the  IBS  is  included  as  an  adjustment  rulo  of  the 
existing  human  describing  function  model  with  random  inputs,  and 
because  the  IES  is  relatively  easy  to  compute  and  measure,  this 
performance  measure  was  given  priority  consideration  over  the  other 
measures.  Therefore,  the  IT3S  and  the  IAS  were  eliminated  as  practical 
performance  measures  for  a  system  with  step  inputs. 


E[XiX2l  -*|X2 
r3[(X,  -  Xi)2]«e[(X2  -  Xg)2] 
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The  correlation  between  the  ISS  and  the  ITAE  vas  found  to  be 
relatively  low,  even  negative  in  seme  cases.  An  investigation  of 
the  nodel  system  with  step  inputs  was  undertaken  to  determine  whether 
the  gain  should  be  set  for  the  minima  ITAE  or  for  minimum  IES.  From 
a  study  of  time  recordings  of  the  system  outputs,  the  following 
observations  were  made: 

1)  The  experienced  pilots  were  conservative  in  operating  the 
force  stick.  The  result  is  an  overdanped  system  output. 

2)  Setting  -the  gain  of  the  human  describing  function  model  for 
minimum  error  squared,  results  in  an  undardamped  system  output. 

3)  Setting  the  gain  of  the  human  describing  function  model  for 
minimum  ITAE  results  in  a  slightly  overdamped  system  output. 

4}  Therefore,  setting  the  gain  of  the  model  for  minima  ITAE 
resulted  in  a  better  match  of  the  modal  system  output  with  the 
experienced  piloted  system  output. 

5)  Setting  the  gain  of  t^**»  model  below  the  value  necessary  tar 
minimum  IBS,  gave  the  same  results  as  setting  the  gain  of  the  model 
for  minimum  ITAE  (Approximately  85%  of  gain  for  minima  IES). 

6)  Subject  3,  who  had  no  flying  experience,  vas  less  conservative 
than  the  other  two  subjects.  The  output  trm  systems  operated  by 
Subject  3  shoved  less  dampening  than  the  experienced  pilot  system 
output. 

7)  Setting  the  gain  of  the  model  with  a  pure  gain  controlled 
element  slightly  below  the  gain  for  minima  IES  resulted  in  a 
relatively  good  match  of  the  unexperienced  piloted  aytttga  and  the 
model  sy.-rfcea  output. 
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8)  Subject  3  bad  difficulty  maintaining  control  of  the  system 
with  K/S2  controlled  element*  His  erratic  behavior  made  comparison 
with  the  model  difficult* 

It  should  be  remembered  that  human  response  is,  in  general,  time 
varying,  and  therefore  a  perfect  match  between  the  output  of  the 
model  system  and  the  output  of  the  piloted  system  is  impossible* 
Regression  (Ref  11:19)  due  to  the  high  frequency  components  of  a  step 
input  is  offered  as  a  possible  reason  why  the  human  subjects  operate 
the  system  at  a  gain  below  the  value  necessary  for  minimum  error 
squared*  The  damped  effects  of  a  reduced  gain  can  be  observed  in  the 
real  time  recordings  shown  in  Appendix  E*  Operating  a  model  system 
at  the  gain  setting  for  minimum  ITAE  results  in  a  greater  dampening 
effect  than  operating  at  the  gain  setting  for  minimum  IES  (Ref  19:48), 
and  provides  a  close  match  between  the  model  system  output  and  the 
piloted  system  output*  Therefore,  the  ITAE  is  proposed  as  a  useful 
performance  measure  for  systems  with  step  inputs* 

£hage2I  -  Gaussian  Incut 

The  experiments  conducted  during  this  phase  were  accomplished  to 
establish  a  set  of  values  to  be  used  in  Phase  III*  However, 
correlation  coefficients  were  computed  to  compare  performance  measures* 
In  almost  all  cases,  the  correlation  among  the  four  performance 
measures  was  extremely  high,  averaging  above  0,85*  As  might  be 
expected,  the  two  subjects  with  flying  experience  performed  better 
than  the  subject  with  no  flying  experience*  In  several  cases,  the 
error  squared  was  so  small  that  invalid  readings,  resulting  from 
nonlinear  operation  of  the  multiplier  used  to  obtain  the  IT2S,  were 
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recorded.  Therefore,  the  IT3S  was  eliminated  as  a  useful  performance 
measure. 

In  an  attempt  to  match  the  model  system  and  the  experienced 
piloted  system  outputs,  the  gain  of  the  model  was  adjusted  very 
slightly  below  l^e  value  of  gain  necessary  for  minimum  error  squared. 
When  the  Gaussian  with  a  high  filtered  break  frequency  was  used,  a 
smoothing  tendency  was  noted  in  the  outputs  of  the  systems  controlled 
by  the  experienced  pilots.  (Appendix  S)  •  Also,  the  more  experienced 
pilots  appeared  to  introduce  more  lead  into  the  system  with  the  K/S^ 
controlled  element.  A  lead  time  constant  of  four  was  asstaed  for  the 
experienced  pilots,  whereas  a  lead  time  constant  of  about  one  was 
assumed  for  the  subject  with  no  flying  experience.  Suomarlslng  the 
results  of  this  phase,  the  existing  adjustment  rules  were  verified 
with  the  small  exception  that  the  experienced  pilots  appeared  to 
operate  with  &  gain  vezy  slightly  below  the  gain  necessary  for  minimum 
error  squared.  See  the  real  time  recordings  in  Appendix  g. 

Phase  ni  -  Gaussian  Plus  Step  Inputs 

The  data  collected  during  this  phase  were  analyzed  and  compared 
with  the  data  from  previous  phases.  Each  performance  measure  was 
analyzed  separately.  It  should  be  noted  that  the  step  time  in  Tables 
D-l6  through  D- 33  was  the  time  interval  between  the  beginning  of  the 
run  and  the  application  of  the  step. 

m 

The  values  of  135  were  averaged  and  the  variance  was  computed  for 
each  set  of  five,  one  minute  runs.  Ths  IBS  for  the  3  v-'lt  step  was 
determined  by  multiplying  the  IES  for  the  1  volt  step  In  Tables  D-1 
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through  D-6  by  9.  A  multiplier  of  25  vas  used  to  obtain  the  133  for 
the  5  volt  step*  To  verify  these  values,  several  sample  measurements 
were  taken  with  3  and  5  volt  steps  actually  applied  to  the  system* 

The  averaged  f 9 s2  dt  for  each  of  the  1,  3,  and  5  volt  step  inputs 
was  added  to  the  averaged  /Qg2  dt  for  the  Gaussian  inputs;  then,  the 
sin  vas  coopered  with  the  averaged  A2  dt  computed  during  this  phase* 
The  results  for  each  subject  operating  each  of  the  three  controlled 
elements  are  shown  in  Table  6*  The  absolute  difference  between  the 
summed  valun  and  the  combined  value  of  the  system  with  Gaussian  plus 
stop  inputs  vas  compared  with  the  combined  standard  deviation  of  the 
three  error  measures*  For  the  cases  where  the  absolute  difference 
vas  less  than  the  combined  standard  deviation,  the  assumption,  that 
the  /&.•,  dt  ten.  vae  mail  enough  to  he  Defected,  wu  considered 
valid*  Values  satisfying  this  validity  test  are  marked  with  an 
asterlck  in  Table  6*  From  the  calculations  and  comparisons,  the 
following  observations  were  made: 

1)  For  most  of  the  cases  tested,  the  dt  +  J'e^  dt  was 

within  one  standard  deviation  of  the  ^e2  dt* 

2)  In  general,  the  /e2  dt  was  slightly  more  then  the  f 9  £  dt  + 
/e82  dt  due  to  the  ccanission  of  / 2es0g  dt* 

3)  Because  the  experienced  pilots  were  able  to  maintain  a  small 
error  for  the  Gaussian  input,  the  continuous  time  multiplication  of 
the  error  due  to  the  Gaussian  input  with  the  error  due  to  the  step 
input  was  maintained  at  a  very  low  level* 

From  the  above  observations,  the  assumption  that  the  sum  of  the 
/es2  at  and  the  /e  g2  dt  will  fairly  well  predict  the /e2  dt  for  a 
ay  stem  with  Gaussian  plus  step  inputs,  is  validated* 
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Table  6 

Comparison  oi  ISS  For  The  Step  Input  and  IES  For  The  Gaussian 
Input  With  IES  For  The  Combined  Step  and  Gaussian  Input 
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It  should  be  noted  that  the  "additive  results"  appear  to  work 
over  a  wide  range  for  J e^2  dt  Cr/es2  dt.  A  general  range  of  values 
is  indicated  from  the  data  collected  for  Subject  1,  Cases  r  aged  free: 

0.245  (X,1v)  £  /e82  dt  £  (0.913)  (25)  (x/s^v) 
and 

2.450  (X,a*0.5)  ^  A2  dt  ^  51.3  (S/S2,a=1.5) 

145 

'The  values  of  IAS  were  averaged  and  the  variance  vas  computed  for 
each  set  of  five,  one  xainute  runs.  To  obtain  the  IAS  far  a  3  volt  step, 
the  IAE  for  a  1  volt  step  vas  multiplied  by  3,  and  to  obtain  the  IAS  for 
a  5  volt  step,  the  IAS  for  a  1  volt  step  vas  multiplied  try  5.  The 
averaged  f  lo0l  it  far  each  of  the  1,  3,  and  5  volt  step  inputs  vas 
added  to  the  averaged  J lOgl  dt  for  the  Gaussian  inputs;  then,  the  sue 
vas  compered  with  the  averaged  f\e\  dt  computed  during  this  phase. 

The  results  for  each  subject  operating  each  of  the  three  controlled 
elenents  are  shown  in  Table  7.  The  absolute  difference  between  the 
sucaed  value  and  the  combined  value  of  the  system  with  Gaussian  plus 
step  inputs  vas  compared  with  the  combined  standard  deviation  of  the 
three  error  measures.  For  the  cases  where  -the  absolute  dif  ferent  vas 
less  than  the  combined  standard  deviation,  the  assumption,  that  j  lei  dt 
approximately  equals  /le6l  dt  +  yie»l  dt,  vas  considered  valid. 

Values  satisfying  this  validity  test  are  narked  with  an  asteridc  in 
Table  7.  Frcn  the  calculations  and  comparisons,  the  following 
observations  were  made: 

1)  For  most  of  the  cases  tested,  the  /lOgt  dt  +  j |e8!  dt  vas 
vithin  one  standard  deviation  of  the  flo\  dt. 
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Table  7 

Comparison  of  IAS  For  The  Step  Input  and  IAS  For  The  Gaussian 
Input  yith  IAE  For  The  Combined  Step  and  Gaussian  Input 


System 

a 

(cr±) 

Sub 

For  1  volt  step 

For  3  volt  step' 

Par  5  volt  step 

Surged 

Combined 

Stoned 

Combined 

Summed 

Combined 

K 

0.5 

(1.44! 

1 

2 

3 

11.319 

11.602 

20.914 

13.695 

11.722* 

21.762* 

12.660 

13.264 

22.780 

15.448 

12,531* 

27.434* 

13.955 

14.926 

24.446 

16.888 

14.720* 

34.065 

X 

1.5 

(0.56; 

1 

2 

3 

15.313 

15.608 

18.497 

15.343* 

16.091* 

19.295* 

16.631 

17.270 

20.263 

16.937* 

18.036* 

23.442* 

17.949 

18.932 

22.129 

17.844* 

18.709* 

27.082* 

k/s 

0.5 

(1.44] 

1 

2 

3 

13.195 

15.250 

23.177 

12.947* 

15.880* 

23.206* 

14.997 

17.364 

26.575 

12.676 

18.322* 

23.126* 

16.799 

19.478 

29.973 

13*501 

19.836* 

27.503*; 

k/s 

1.5 

(0.56) 

1 

2 

3 

15.049 

20.505 

2U>22 

14.994* 

21.206* 

23.625* 

16.851 

22.619 

27.400 

15.821* 

22.522* 

26.366* 

18.653 

24.733 

30.818 

17.019* 

25.688* 

31.040* 

k/s2 

0.5 

(1.44; 

1 

2 

3 

37.753 

35.983 

40.017 

39.221* 

37.316* 

42.543* 

40.265 

39.367 

45.491 

42.865* 

39.512* 

46.411* 

42.777 

42.751 

90.965 

42.00?* 

42.811*: 

49.402*; 

k/s2 

1.5 

(0.5*5 

1 

2 

3 

40.329 

36./J01 

47.612 

41.918* 
41  .<.93 
48.383* 

42.841 

39.785 

53.086 

42.733* 

44.651 

56.693* 

45.353 

43.169 

58.560 

44.232* 

48.421*, 

55.084* 

*  Indicates  that  the  two  values  are  vithin  one  standard  deviation 
of  the  computed  data* 
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2)  la  general,  the  J  lei  dt  vas  slightly  less  than  the  j le^l  dt  + 
j  |es|  dt  as  would  be  expected  from  the  mathematical  relationship, 

j les  +  e„l  dt  [lesi  *  le2l)  dt. 

3)  If  the  error  due  to  the  Gaussian  input  vas  maintained  at  a 
low  level  when  the  step  vas  applied,  the  sun  of  the  individual  lA3s 
would  equal  the  combined  IAS.  However,  the  sane  relationship  would  be 
true  if  the  step  error  vas  of  the  sane  polarity  as  the  error  of  the 


Gaussian  vas  when  the  step  was  applied. 

Fraa  the  above  observations,  the  assumption  that  the  sun  of  J le8l  dt 
and  f  l* dt  will  fairly  vail  predict  f lei  dt  for  a  system  vith 
Gaussian  plus  step  inputs,  is  validated. 

A  study  of  the  correlation  coefficients  between  the  IAS  and  the 
IES  of  &  system  vith  step  plus  Gaussian  inputs  demonstrated  that  the 
two  measures  perform  the  sane  evaluation  of  the  subject's  performance. 
In  almost  all  cases,  the  correlation  coefficient  vas  above  0.85. 
Therefore,  it  vas  determined  that  the  IBS  vas  a  better  performance 
measure  to  use  because  of  its  acceptance  as  a  measure  of  performance 
for  system  vith  Gaussian  inputs. 


ITSS 

As  mentioned  before,  the  ITSS  vas  impossible  to  determine  for  some 
run3,  because  the  error  squared  vas  maintained  at  a  very  low  level 
causing  nonlinear  operation  of  the  analog  multiplier  circuit.  Therefore, 
the'  ITSS  vas  eliminated  free  consideration  as  a  useful  performance 
measure  of  piloted  systems  vith  Gaussian  plus  step  inputs. 


ITA5 

Computational  difficulties  :xt  determining  the  effects  of  time  on 
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this  performance  measure  prohibit  its  usefulness. 

Proa  the  analysis  of  all  data,  the  conclusion  is  Bade  that  the 
153  is  the  best  performance  measure  to  use  in  evaluating  the  operation 
of  the  piloted  system  with  Gaussian  plus  step  inputs. 


The  final  step  in  this  study  was  to  adjust  the  peraaaeters  of  the 
analog  simulated  model,  and  record  the  outputs  of  the  model  and  piloted 
systems  when  both  were  operated  simultaneously.  One  major  difficulty 
in  properly  matching  the  piloted  and  model  system  outputs  for  step 
inputs  was  the  distortion  caused  by  the  use  of  the  Pade*  approximation 
of  the  real  time  delay.  The  phase  difference  at  high  frequencies 
between  the  Fade*  approximation  and  the  real  time  delay  resulted  in  a 
dip  in  the  model  output  when  there  should  have  been  none.  This 
distortion  ’.is  especially  apparent  for  the  model  systen  with  the  pure 
gain  controlled  eienent. 

Despite  the  difficulties  associated  with  the  Pads*  approximation 
in  the  analog  simulated  system,  the  following  parameter  setting  were 
determined: 

1)  The  lag  time  constant  was  set  at  3  seconds  for  the  modal  with 
a  pure  gain  controlled  element.  This  value  was  previously  determined 
'ey  others  (2ef  11:46),  and  was  found  to  provide  the  proper  lag  far  the 
eixeriments  of  this  study. 

2)  The  time  delay  was  determined  from  data  collected  during 
Phase  I  to  be  approximately  0.3  seconds  for  all  models  with  step  inputs. 
Free  earl  er  studies  (Ref  11),  the  time  delay  for  the  X  and  k/S  systems 
with  random  inputs  is  0.2  seconds,  and  the  time  delay  for  the  X/S^ 
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system  with  random  inputs  is  0.4  seconds*  An  overall  cccprocise  for 
the  step  plus  Gaussian  case  is  the  selection  of  a  time  delay  of  0*3 
seconds*. 

3)  The  lead  time  constant  for  the  model  with  the  K/S^  controlled 
element  vas  selected  between  1  and  5  seconds*  For  a  model  used  to 
predict  the  response  of  an  experienced  pilot,  the  lead  time  constant 
was  set  at  4  seconds,  and  for  the  response  prediction  of  the  subject 
with  no  flying  experience,  the  lead  time  constant  was  set  at  1  second. 

4)  The  best  gain  setting  for  a  system  with  step  inputs  was  found 
to  be  for  minimum  ITA2  or  approximately  852  below  the  setting  for 
minima  XSS.  For  Gaussian  plus  snail  step  inputs,  the  gain  setting 
should  be  sli^rtly  below  the  value  for  minima  error  squared*  As  the 
step  is  increased  in  relationship  to  the  Gaussian  input,  the  gain 
should  be  decreased  toward  the  value  which  would  provide  minlmn  ITAE 
far  a  single  step  input*  This  technique  for  setting  the  gain  of  a 
system  with  step  plus  Gaussian  inputs  is  more  applicable  for  predictin 
the  response  of  an  experienced  pilot  than  for  predicting  the  response 
of  an  unexperienced  pilot*  The  subject  with  no  flying  experience 
appeared  to  always  operate  claae  to  the  gain  setting  necessary  for 
minimum  I3S  in  respect  to  time  history  responses* 

Beal  time  recordings  of  the  piloted  system  and  model  system 
outputs  and  errors  are  shown  in  Appendix  2* 
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V.  Summary  and  Conclusions 

The  conclusions,  supported  by  the  analysis  of  data  collected 
during  the  experimental  study,  are  summarized  in  this  chapter.  First, 
it  was  found  that  the  existing  human  describing  function  model  is 
useful  in  predicting  the  response  of  a  pilot  in  systems  with  Gaussian 
plus  one  step  inputs,  he  use  of  the  existing  adjustment  rules,  model 
characteristic  curves,  and  performance  data  on  human  tracker^  was 
necessary  to  adjust  the  nodal  parameters  for  proper  model  prediction 
of  the  actual  pilot  response. 

Second,  the  adjustment  rule,  stating  that  hwan  subjects  attempt 
to  minimize  their  mean  squared  error,  should  he  modified  slightly  to 
account  for  the  conservative  response  of  an  experienced  pilot  when  he 
is  operating  a  control  device  in  a  manner  similar  to  the  way  he  operates 
an  aircraft  control.  The  gain  of  a  model  representing  an  experienced 
pilot  in  a  system  with  step  inputs,  should  he  set  to  a  value  that  is 
approximately  S5>  of  the  value  necessary  for  minimum  mean  squared 
error.  The  decrease  in  gain  of  the  model  will  provide  increased 
dampening,  thus,  indicating  the  conservative  nature  of  pilot  response. 

Third,  it  was  found  that  operating  a  system  with  step  inputs  at 
minimum  ITA3  was  similar  to  operating  a  system  with  the  gain  set  at 
85$  of  the  value  necessary  for  minimum  I3S„  Therefore,  use  of  the 
minimum  ITAS  is  recommended  for  adjusting  the  gain  of  a  model  in  a 
system  with  step  inputs. 

k  technique  suggested  fro?  the  adjustment  of  model  gala  in  a 
system  with  step  plus  Gaussian  inputs  is  to  reduce  the  gain  below  the 
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value  necessary  for  minima  IES  as  the  step  $*"~,t  is  increased  in 
relationship  with  the  Gaussian  input.  For  a  small  step  in  relation 
to  the  random  input,  the  gain  should  be  set  between  90£  and  95%  of 
the  value  necessary  for  minium  IES*  For  a  large  step  in  relation 
to  the  random  input,  the  gain  should  be  set  between  &5%  and  90 %  of 
the  value  necessay  for  ainiimta  IES*  This  technique  is  especially 
useful  for  predicting  the  response  of  an  experienced  pilot* 

Finally,  the  .named  values  of  the  IES  found  from 
the  system  with  step  inputs  and  the  IES  found  from  the  system  with 
Gaussian  inputs  is  a  relatively  close  approximation  of  the  IES  of 
a  system  with  step  plus  Gaussian  inputs*  There  is  every  reason 
to  believe  that  the  results  of  this  study  could  be  applied  to 
systems  composed  of  aircraft-like  dyns&lcs* 
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VI.  Recognaendatiops 

The  following  recommendations  are  suggested  for  expanding  the 
results  of  this  study. 

1)  Verily  that  the  same  technique  of  reducing  gain  can  be  used 
for  systems  having  controlled  elements  representing  actual  aircraft 
dynasties,  and  step  plus  random  signals  applied. 

2)  Study  the  effects  of  applying  random  signals  plus  other 
deterministic  signals  such  as  ramps  or  sins  vaves. 

3)  Study  the  effects  of  applying  an  additional  Gaussian  signal, 
simulating  pilot  resonant,  directly  to  the  controlled  element.  Perhaps 
a  pilot  remnant  input  with  the  step  plus  random  input  pilot  model 
could  be  used  to  predict  repeatability  aspects  of  the  responses. 

4)  Investigate  the  use  of  delay  tapes  to  replace  the  Fade* 
approximation  of  the  pure  time  delay  in  the  analog  model  simulation 
of  a  system  with  step  inputs. 

5)  Conduct  further  statistical  studies  to  determine  the  response 
differences  between  experienced  pilots  and  non-pilots,  when  performing 
specialized  tasks  related  to  aircraft  control. 
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Appendix  A 

Eouiraent  Description 

Analog  Computer 

Use  of  an  Applied  Dynamics  Analog  Computer,  Model  AD-2-64  PB, 
was  made  throughout  this  investigation.  This  is  a  precision 
electronics  differential  analyzer  capable  of  solving  both  linear 
and  nonlinear  ordinary  differential  equations.  It  contains  64 
operational  amplifiers,  24  of  which  may  be  used  as  integrators. 

The  unit  also  contains  80  coefficient  pots,  16  electronic  multipliers, 
8  diode  function  generators,  and  20  special  diode  networks.  (Ref  2). 

Digital  Voltmeter 

A  Nonlinear  System,  Model  4206  Digital  Voltmeter  was  used. 

This  unit  was  installed  as  a  part  of  the  AD-S4PB  computer  and 
featured  automatic  range  and  polarity  control.  The  meter  has  a 
10  megohm  input  impedance  and  an  accuracy  of  ±  0.02  percent  of 
full  scale  and  a  resolution  of  i  0.01  percent  of  full  scale  on 
each  range.  (Ref  16). 

Hand  Control 

A  Measurements  Systems,  Model  435  Hand  Control,  mounted  in 
a  student's  chair,  was  used  for  the  pilot  tracking  portion  of  this 
investigation.  This  is  an  a.c.  powered  force-stick  tranducer  which 
produces  phase  reversing  a.c.  voltages  converted  to  d.c.  proportional 
to  applied  force  in  two  axes.  Its  essential  features  are  zero  back¬ 
lash,  low  hysteresis,  and  drift,  and  linear  output  vs.  force  applied. 
(Bef 13). 
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Magnetic  Tape  Record ar /Reproducer 

A  Sangamo  Electric  Company,  Model  4784  Magnetic  Tape  Recorder/ 
Reproducer  uas  used  to  reproduce  several  60  second  gauss! an  noise 
signals  for  input  to  the  analog  computer.  The  Recorder/Repcroducer 
is  a  seven  channel,  eight  speed  magnetic  tape  device  with  the 
capability  of  reel  to  reel  or  loop  operation.  The  system  consists  of 
six  major  assemblies:  A  control  panel,  an  a.c.  control  hocr,  a  power 
supply  drawer,  a  tape  transport  panel,  a  vacant  panel,  and  a  plug-in 
module  chasis.  An  important  feature  is  the  employment  of  a  unique 
vacuum  tensioning  and  cleaning  system  to  maintain  precise  tape 
tension  at  the  head  while  cleaning  the  tape  to  reduce  drop  oats  and 
oxide  buildup.  (Ref  17). 

Noise  Generator 

An  ELgenco  Model  311 A  Noise  Generator  was  used  to  produce  the 
signals  which  were  stored  on  magnetic  tape  for  reuse  throughout  the 
experiment.  This  unit  is  a  stable  source  of  random  noise  of  mean 
less  than  50  millivolts.  Its  output  has  an  amplitude  probability 
distribution  that  is  Gaussian  to  less  than  plus  or  minus  one  percent 
and  the  output  spectrum  is  uniform  to  plus  or  minus  0.1  db  from 
0  to  35  cycles  per  second.  (Ref  7). 

Oscilloscope 

In  this  investigation  a  Tektronics  Type  RH35A  Oscilloscope  was 
used  to  present  tracking  error.  This  oscilloscope  together  with  a 
■type  CA  plug-in  preamplifier  provided  rise  time  capability  of 
0.023  microseconds  with  a  hand  pass  from  d.c.  to  15  megacycles  per 
second.  The  oscilloscope  has  a  usable  viewing  area  of  6x10 
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centimeters  with  a  range  of  0,05  volts  per  centimeter  to  20  volts  per 
centimeter,  (Ref  18), 

Recorder 

Real  time  recordings  were  made  with  a  Beckman,  Type  SC-2 
Dynograph,  Direct  Writing  Recorder,  This  is  an  eight  channel  unit 
capable  of  recording  bi— polar  signals  on  rectilinear  paper  with 
a  sensitivity  of  50  millivolts  per  division  to  10  volts  per 
division.  Input  impedance  is  1  megohm  and  frequency  response  is 
flat  from  d.c.  to  42  cycles  per  second,  (Ref  4), 
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Appendix  B 

Analog  Computer  Program 

The  analog  conputer  was  used  for  all  experiments.  Both  the 
piloted  system  and  the  model  systves.,  along  with  all  performance 
measures,  were  programed  on  one  analog  hoard.  The  analog  schematic 
for  both  the  piloted  systems  and  the  model  systems  is  shown  in  Figure 
B-1.  The  input  circuit,  the  timing  circuit,  and  the  automatic  sixty 
second  hold  circuit,  are  shown  in  Figure  B-2.  Figure  B-3  is  the 
schematic  of  all  performance  measure  circuitry.  Switches  available 
on  the  computer  were  used  extensively  to  change  controlled  elements, 
and  the  signals  applied. 


Systems 

The  schematic  of  the  piloted  system  is  pictured  in  the  top  half 
of  Figure  3-1 .  The  schematic  for  the  model  system  is  shown  in  the 
bottom  half  of  Figure  B-1 .  Since  a  pure  time  delay  in  the  form  6"^ 
is  impossible  to  program,  a  first  order  Pade*  approximation  was 
selected  because  it  presents  zero  db  gain  at  all  frequencies. 

(Ref  15:218) 

Seperate  program  sections  were  prepared  for  each  controlled 
element  and  combined  with  the  pilot  model.  The  controlled  element 
represented  by  K  is  programed  together  with  the  lag  term  of  the 
pilot  model.  In  all  cases  the  controlled  element  gain  was  chosen  to 
be  unity.  The  combined  term  is  Kp/(TjS  +  1).  For  the  controlled 
element  Is/S ,  the  combined  tern  is  Kp/S,  and  for  the  controlled 
element,  Kp/32,the  combined  term  is  Kp(TfcS  +  Ij/S2. 

SI 
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Table  1  indicates  the  potentiometer  setting  for  both  systems.  The 
runbers  inclosed  in  the  triangles  indicate  the  line  connections  on 
the  strip  recorder. 

Timing.  Hold,  and  Incut 

The  timing  circuit  is  set  for  linear  operation  by  the  applica¬ 
tion  of  a  10  volt  initial  coidition  to  the  integrator.  One  volt 
represents  one  second.  The  sixty  second  hold  circuit  is  also  a  tim¬ 
ing  circuit.  Both  the  hold  circuit  ard  the  timing  circuit  were 
checked  often  during  experimentation  to  insure  synchronous,  accurate 
operation.  The  input  circuit  was  designed  so  that  circuit  changes 
between  experiments  were  minimized.  The  potentiometer  settings  are 
shown  in  Table  3-2. 

Performance  Measures 

Performance  data  were  collected  from  the  circuitry  represented 
by  the  schematic  in  Figure  3-3.  The  diode  multipliers  with  the  most 
linear  characteristics  were  selected  for  the  experiments. 

Known  voltages  were  input  into  each  performance  measure  circuit  for 
a  one  minute  interval,  and  the  circuits  were  calibrated  by  using 
potentiometers  . 
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Table  3-2 

Potentiometer  Values  for  Figure  B-2 


Quantity 

Potentiometer 

Setting 

. 

t/io 

1A3 

.100 

t/10 

1A4 

.100 

to/100 

1A10 

.100 

t/ioo 

2D7 

.010 

tj/lOO 

1D6 

.600 

rs/10 

1B6 

.100 

rs/lO 

1C6 

.300 

rg/10 

1D6 

.500 

rg/10 

1B1 

.100 

V10 

1B2 

Variable 
.272  or  . 

,6 
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Table  B-3 

Potentiometer  Values  for  Figure  B-3 


Quantity 

Potentiometer 

Approximate  Setting 

IA^/lO 

1A6 

.100 

IAEp/lO 

1A7 

.100 

ITESja/lOO 

1B4 

.100 

ITESp/lOO 

1B5 

.100 

ITAJ^/lOO 

2A1 

.100 

ITAEp/lOO 

2A3 

.100 

IESn/10 

2A4 

.100 

ZSSj/lO 

2A5 

.100 
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Appendix  C 

Analo?  Gaussian  Input  Tape  Recordings 


The  signal  recordings  used  in  the  Phase  II  and  m  experiments 
are  shown  in  Figure  C-1,  The  following  procedure  was  used  to  obtain 
these  signals.  First,  white  noise  from  the  SLgenco  Model  31 1A  Noise 
Generator  was  fed  to  a  second  order  filter,  which  was  programmed  on 
the  analog  computer.  Then,  the  filtered  Gaussian  signal  was 
processed  through  a  fader  and  reproduced  on  the  appropriate  tape 
channel  of  the  Sangsno  Model  4784  Magnetic  Tape  Itecorder/Reproducer. 
Fading  was  accomplished  to  eliminate  step  signals  at  the  beginning 
of  the  input  tape. 

The  equation  used  to  program  the  second  order  filter  is 


y(s) 


(S  +  a)2  ’ 


where  y(s)  represents  the  Gaussian  output,  and  x(s)  represents  the 
white  noise  input.  The  analog  schematic  of  the  filter  is  shown  in 
Figure  C-2,  and  the  potentiometer  settings  are  shown  in  Table  C-1, 
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Quantity 

Pot. 

Settings  For  The  Following  Break  Frequencies 

_ 

0,5  rad/sec 

1.0  rad/sec 

1.5  rad/sec 

K/lOa2 

1 

Gain/lO 

Gain/lO 

Gain/lO 

2a/l0 

3 

.100 

•200 

.300 

a2/l0 

2 

,025 

.100 

.225 
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A  listing  of  ell  data  is  presented  here  to  save  those  who  wish  to 
continue  research  on  this  topic  many  tedious  hours  of  laboratory  tine. 
The  data  also  provide  nodal  designers  vith  a  first  step  comparison  of 
their  model  system  performance  vith  piloted  sy stars  performance. 

The  mean,  variance,  and  standard  deviation  were  computed,  and 
these  values  are  presented  vith  the  experimental  measurements. 

Tables  D~1  through  D-6  list  data  gathered  and  analyzed  during  Phase  I 
of  the  study.  The  first  column  is  measured  in  volts^-seconds,  the 
second  column  in  volts2-seconds2,  the  third  column  in  volts-seconds, 
the  fourth  column  in  volts-seconds^,  and  the  last  column,  the  delay 
time,  is  measured  in  tenths  of  a  second.  Tables  D-7  through  D-24  list 
data  gathered  and  analyzed  during  Phase  II,  and  Tables  D-25  through 
D-33  list  data  gathered  and  analyzed  during  Phase  IH.  The  step  time, 
the  interval  between  the  beginning  of  the  run  and  the  aj  plication  of 
the  step  in  the  Phase  HI  experiments,  is  measured  in  seconds.  The 
same  four  units  of  measure  are  used  for  the  first  four  columns  in 
Tables  D-7  through  D-33  as  were  used  in  Tables  D-1  through  D-6. 

A  »0 J*  appearing  in  any  of  the  tables,  indicates  that  no 
measurement  was  taken,  or  that  the  measurement  was  invalid  due  to 
multiplier  nonlinearity. 
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Table  D-1 


SU5JECT  1  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 
INPUT  -  I  VOLT  STEP 


IES 

ITES 

IAE 

itae 

0.7*0 

0.8*0 

1.112 

2.556 

5.4 

0.319 

0.239 

0.535 

l.*30 

2.9 

0.430 

0.372 

0.635 

1.270 

3.2 

0.3*1 

0.253 

0.592 

1.580 

2.5 

0.*02 

0.32* 

0.653 

1.590 

2.7 

9  .*62 

0.356 

0.686 

l.*30 

3.8 

0.**R 

0.372 

0.798 

2.120 

3.1 

0.300 

0.1*1 

0.663 

1.070 

2.2 

o.*oo 

0.2*0 

0.631 

1.520 

2.9 

0.25$ 

0.1*9 

0.515 

1.580 

2.3 

0.2*5 

0.0*2 

9.603 

2.270 

2.2 

OATA 

0.33* 

0.1*6 

0.5*6 

l.*70 

2.* 

0.307 

0.183 

0.560 

1.560 

2.5 

0.299 

0.102 

0.7*7 

2.659 

2.2 

0.295 

0.198 

0.*75 

1.080 

3.0 

0.333 

0.239 

0.756 

2.530 

2.5 

0.318 

0.225 

0.625 

1.870 

2.5 

0.3*2 

0.222 

0.778 

2.450 

3.0 

0.*07 

0.389 

0.783 

2.210 

3.5 

0.281 

0.19* 

0.632 

2.060 

2.2 

0.300 

0.212 

0.672 

2.160 

2.2 

0.3*0 

0.083 

0.532 

1.320 

2.6 

0.*27 

0.399 

0.75* 

1.920 

*.0 

0.*5* 

0.373 

0.792 

2.070 

3.8 

0.229 

0.180 

0.600 

2.260 

2.2 

MEAN 

0.361 

0.259 

0.659 

1.8*1 

2.9 

VARIANCE 

0.010 

0.02* 

0.018 

0.217 

0.7 

STO.  DEV. 

0.102 

0.15* 

0.136 

0.665 

0.8 

SUBJECT  i  ~  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 
INPUT  -  i  VOLT  STEP 


IES 

ITES 

IAE 

1T6E 

“  "  0.57*  “■> 

6.523 

'  6.92*  ” 

2.4*6 

2.5 

0.612 

0.582 

1.105 

3.190 

2.6 

6.68* 

0.637 

0.969 

2.150 

2.3 

0.583 

0.553 

1.0S9 

2.810 

2.1 

0.6*5 

0.696 

1.0*0 

2.550 

2.0 

0.785 

0.982 

1.200 

2.7*0 

3.2 

0.693 

0.7*7 

0.986 

1.9*0 

2.9 

0.658 

0.67* 

1.022 

2.360 

2.1 

0.716 

0.723 

1.032 

2.080 

2.3 

0.695 

0.706 

0.966 

1.790 

2.9 

0.675 

0.7*0 

0.92* 

1.6*0 

2.5 

a  » 

0.6*2 

0.612 

0.90* 

1.7*0 

2.6 

0.61* 

0.625 

0.859 

1.500 

2.8 

0.526 

0.*88 

0.750 

1.420 

2.0 

0.571 

0.603 

0.8*6 

1.660 

2.3 

0.613 

0.580 

0.876 

1.659 

3.3 

0.532 

0.696 

0.979 

2.550 

2.3 

0.378 

0.*13 

0.800 

2.4*0 

2.1 

0.*15 

0.372 

0.752 

1.920 

2.2 

0.35* 

0.395 

0.822 

2.700 

2.0 

0.*15 

0.*72 

0.800 

2.270 

2.1 

0.*26 

0.*8S 

0.766 

2.030 

2.2 

0.396 

0.*** 

0.736 

2.020 

2.* 

0.367 

0.388 

0.698 

1.920 

2.3 

0.*25 

0.501 

0.752 

1.930 

2.6 

MEAN 

0.560 

0.586 

0.901 

2.1*6 

2.4 

VARIANCE 

0.016 

0.020 

0.016 

0.216 

0.1 

STO.  OEV. 

0.125 

9.1*0 

0.127 

0.C6V 

0.4 

93 


SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 
INPUT  -  I  VOLT  STEP 


ICS 

ITES 

IAE 

0.688 

0.896 

0.56* 

0.651 

mmSSM 

0.806 

1.322 

0.716 

1.296 

1.603 

0.801 

1.195 

1.396 

0.503 

0.800 

1.109 

0.787 

1.068 

1.260 

0.739 

1.117 

1.298 

0.879 

1.651 

1.596 

0.659 

1.107 

1.606 

0.536 

0.687 

1.021 

DATA 

0.791 

1.053 

1.229 

0.500 

0.729 

1.103 

0.668 

1.128 

1.282 

0.785 

1.081 

1.520 

0.872 

1.221 

1.639 

0.913 

1.526 

1.635 

0.900 

1.620 

1.866 

0.709 

0.867 

1.066 

0.656 

0.676 

0.920 

0.602 

0.303 

1.059 

0.586 

0.616 

0.999 

0.509 

0.590 

0.908 

0.530 

0.681 

0.960 

0.661 

0.516 

0.781 

MEAN 

0.686 

0.979 

1.256 

VARIANCE 

0.021 

0.101 

0.075 

STO.  DEV. 

0.166 

0.317 

0.273 
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subject  2  -  performance  measures  for  k  controller 

INPUT  -  l  VOLT  STEF 

IES 

ITES 

IRE 

ITAE 

OELAV  TIME 

C.456 

fig tmtc 1  ?  !j  ?HfiKi 

0.786 

2.120 

575 

0.471 

0.792 

2.110 

2.9 

0.475 

p  f  fii  i  m  /" 

0.769 

1.920 

3.0 

0.624 

' 1  w™*9 

0.929 

1.710 

3.2 

0.430 

0.760 

2.210 

2.2 

0.509 

0.R60 

2.190 

3.2 

0.421 

0.809 

2.420 

2.2 

0.400 

0.367 

0.750 

2.130 

2.4 

0.382 

0.380 

0.603 

2.600 

2.3 

0.465 

0.410 

0.822 

2.140 

2.3 

0.476 

0.477 

0.877 

2.350 

2.7 

OAT  A 

0.507 

0.474 

0.626 

1.920 

2.9 

0.540 

0.868 

1.960 

3.2 

0.432 

0.606 

2.220 

2.5 

0.508 

0.673 

2.160 

2.6 

0.596 

0.666 

4.5 

0.587 

0.953 

3.2 

0.516 

0.514 

0.664 

3.0 

0.505 

0.921 

0.633 

1.750 

3.4 

0.443 

0.361 

0.633 

1.110 

2.8 

0.413 

0.415 

0.722 

1.820 

2.7 

0.367  ' 

0.342 

0.656 

1.690 

2.9 

0.572 

0.729 

1.071 

3.060 

3.1 

0.405 

0.444 

0.632 

2.470 

2.4 

0.506 

0.519 

1.004 

2.980 

2.8 

MEAN 

0.480 

massm 

0.831 

2.126 

VARIANCE 

0.004 

0.009 

0.164 

STO.  DEV. 

0.067 

BUR 

0.094 

0.406 

■la 

SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

|  INFUT  -  1  VOLT  STEF 

— 

IES 

ITES 

IAE 

ITAE 

mam.\ ■  ipwkm 

■filft^MEI 

■Bfii  fmiMfiv 

2.9 

1 1  mi.  "7!  1 

0.972 

1.151 

2.210 

2.6 

0.840 

1.090 

2.030 

2.5 

0.682 

0.954 

1.740 

2.5 

0.631 

0.707 

1.031 

2.370 

2.6 

0.815 

0.942 

1.090 

1.800 

3.0 

0.651 

0.657 

0.875 

1.370 

2.9 

0.739 

0.798 

1.084 

2.140 

3.0 

0.691 

0.769 

'.949 

1.570 

2.1 

0.551 

0.514 

0.930 

2.080 

2.8 

0.720 

0.83? 

1.062 

2.160 

3.6 

OATA 

0.718 

0.809 

0.963 

1.600 

3.0 

0.411 

0.534 

1.038 

3.470 

2.9 

0.75F 

0.862 

1.128 

2.300 

3.3 

0.65. 

0.688 

1.092 

2.440 

2.6 

0.622 

C.590 

0.852 

1.370 

2.9 

0.675 

0.721 

0.941 

1.610 

3.1 

0.745 

0.806 

1.096 

2.130 

3.0 

0.705 

0.746 

0.966 

2.8 

0.841 

0.969 

1.148 

4.2 

0.728 

0.816 

1.176 

2.740 

4.4 

0.897 

1.074 

1.165 

1.840 

4.6 

0.656 

0.773 

1.118 

2.780 

2.2 

0.611 

0.602 

0.834 

1.360 

2.1 

0.951 

1.196 

1*214 

1.740 

3.8 

MEAN 

0.720 

0.805 

1.057 

2.064 

3.0 

VARIANCE 

0.014 

0-032 

0.017 

0.283 

0*4 

STO.  DEV. 

0.120 

0.179 

0.129 

0.932 

0.7 
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Table  D-4 


SUBJECT  2  -  PERFORMANCE  MEASURES  FTR  K/S2 
INPUT  -  l  VOLT  STEP 

CONTROLLER 

IES 

ITES 

UE 

ITAE  | 

0ELAV  TIME 

1*184 

1.590 

1.669 

5.7 

1.206 

1.77C 

1.779 

4.170 

2.2 

1.052 

1.620 

1.781 

4.830 

2.6 

0.944 

1.240 

1.492 

3.770 

2.9 

1.244 

2.04C 

1.962 

5.280 

2.5 

1.034 

1.35C 

1.398 

2.700 

2.1 

0.968 

1.280 

1.430 

3.330 

2.2 

1.358 

2.470 

2.220 

6.700 

2.3 

1.212 

1.86C 

1.826 

4.460 

2.0 

1.135 

1.740 

1.712 

4.140 

2.1 

0.923 

1.310 

4.780 

2.2 

OATA 

0.928 

1.270 

4.040 

2.6 

1.76C 

3.610 

2.5 

1.260 

3.790 

2.2 

1.670 

3.860 

1.118 

1.720 

^^BnZrBKls 

4.380 

1.282 

1.860 

3.940 

0.899 

1.250 

4.170 

Wrn^^m 

e 

1.132 

1.550 

3.220 

1.009 

1.330 

3.560 

1.780 

1.802 

4.200 

2.5 

2.230 

2.112 

6.660 

UmBi 

1.38C 

1.552 

3.920 

1.820 

1.782 

4.130 

1.084 

1.500 

1.586 

3.570 

■si 

MEAN 

1.626 

1.692 

4.194 

m 

VARIANCE 

HF.  ■ .®, 

0.100 

0.039 

0.816 

■  ■- 

STO.  OEV. 

KX 

0.316 

0.198 

0.903 

msm 
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Table  D-5 
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SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

INPUT  -  l  VOLT  STEP 

1-  —  m  1 

ITES 

IAF 

ITAE 

loELAY  TIME! 

■■MF  1  r  T/Hi 

mmm  1  ttohih 

I 

ii|iilli"i^j  'Tti  ■r'i  i 

WB^m^  avBtife 

| 

1 

■IS 

0.38C 

HSt-  ^  l  ,1i|il!l* 

0.492 

0.853 

Kfl 

0.613 

0.506 

0.969 

4.0 

0.626 

0.751 

1.036 

2.800 

5.5 

0.380 

0.45C 

0.880 

3.100 

3.0 

0.474 

0.590 

1.007 

3.450 

3.8 

0.361 

0.370 

0.703 

2.200 

2.8 

0.433 

0.510 

0.880 

2.880 

3.6 

OAT  A 

0.377 

0.28C 

0.639 

1.710 

2.8 

0.371 

0.370 

0.747 

2.380 

2.4 

0.390 

0.480 

0.992 

3.830 

2.3 

0.365 

0.712 

0.963 

3.850 

2.2 

0.366 

0.821 

0.968 

3.920 

2.2 

0.374 

1.144 

1.376 

6.240 

2.4 

0.461 

1.038 

1.505 

6.280 

3.8 

0.298 

0.644 

0.986 

3.740 

3.0 

0.302 

0.280 

0.688 

2.420 

0.303 

0.267 

0.810 

3.140 

wfl 

0.552 

0.941 

3.830 

0.944 

1.328 

5.570 

0.512 

0.864 

3.300 

PHHHh  i  1 

0.236 

0.736 

1.720 

mm 

MEAN 

0.393 

0.514 

Mosm 

3.111 

■'m 

VARIANCE 

0.009 

0.069 

1.75* 

STO.  DEV. 

0.093 

0.262 

msm 

1.325 

mm 

SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

|  INPUT  -  1  VOLT  STEP 

_ IES _ 

_ _ IlfS _ 

IAE 

ITAE 

BHOi'E  SiHHI 

2.690 

9.640 

3.0 

2.280 

6.160 

4.0 

■ 

2.089 

5.470 

2.2 

1.200 

iKxSH 

1.956 

5.520 

3.1 

0.817 

1.C07 

1.332 

3.370 

3.4 

1.388 

1.943 

4.510 

4.3 

1.076 

1.577 

3.790 

4.1 

1.330 

2.072 

5.800 

2.8 

0.944 

1.239 

1.373 

3.010 

2.7 

1.311 

2.140 

1.956 

3.000 

2.7 

1.072 

1.58C 

1.646 

4.230 

2.5 

DATA 

0.887 

1.126 

1.411 

3.690 

2.8 

0.867 

1.224 

1.603 

4.910 

2.9 

1.136 

1.760 

1.824 

4.950 

3.0 

1.289 

2.110 

1.945 

5.150 

3.3 

1.444 

2.480 

2.138 

5.570 

3.0 

1.128 

1.630 

1.613 

3.750 

2.6 

1.355 

2.140 

1.878 

4.210 

2.8 

0.823 

0.934 

1.189 

2.440 

3*1 

0.887 

1.159 

1.372 

3.350 

9.9 

0.895 

1.108 

1.355 

3.210 

2.7 

1.012 

1.380 

1.534 

3.740 

2.4 

0.839 

1.065 

1.291 

3.090 

2.9 

1.072 

1.500 

1.545 

3.470 

3.0 

0.599 

0.649 

0.874 

1.740 

2.5 

MEAN 

1.111 

1.684 

1.699 

■EEKi 

mam 

VARIANCE 

0.0*1 

0.544 

0.154 

STO.  0€V. 

0.247 

0.404 

0.392 

m 

mm 
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«» 
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SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

INPUT  -  1.44  VCLT  RMS  CAUSSIAN  WITH  .5  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

3.306 

0. 

u.iei 

3.144 

0. 

11.320 

416.480 

3.000 

0. 

10.768 

384.720 

OAT* 

2.928 

0. 

1C. £00 

368.240 

3.816 

0. 

11.048 

39J .040 

2.748 

0. 

10.352 

369.360 

2.454 

0. 

9.280 

333.520 

3.378 

0. 

11.568 

415.600 

2.592 

0. 

9.520 

296.160 

MEAN 

3.051 

0. 

10.660 

374.124 

VARIANCE 

0.166 

-0. 

0.569 

1335.189 

STO.  OEV. 

0.408 

-0. 

0.755 

36.540 

SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

INPUT  -  .86  VOLT  RPS  GAUSSIAN 

WITH  1  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

5.920 

74.560 

13.941 

516.240 

OATA 

$.344 

52.880 

13.590 

499.680 

5.280 

67.680 

14.400 

503.640 

6.920 

121.920 

15.345 

567.540 

MEAN 

5.866 

79.260 

14.319 

521.775 

VARIANCE 

0.432 

667.992 

0.433 

735.543 

STO.  OEV. 

0.658 

25.846 

0.658 

27.121 

SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

INPUT  -  .56  VOLT  RMS  GAUSSIAN 

WITH  1.5  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

4.896 

28.640 

13.392 

487. 800 

6.680 

95.120 

15.471 

548.190 

6.728 

96.560 

15.660 

551.700 

CATA 

7.432 

113.920 

16.272 

591.930 

6.496 

85.600 

16.110 

569.790 

6.928 

111.520 

15.930 

569.790 

5.144 

53.760 

13.653 

600.030 

4.400 

7.120 

12.474 

448.110 

4.640 

24.160 

12.924 

475.200 

MEAN 

5.927 

68.489 

14.654 

538.060 

VARIANCE 

1.163 

1471.303 

2.043 

2623.677 

STO.  OEV. 

1.078 

38.358 

1.429 

51.222 
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Table  D-8 


subject  i  -  performance  measures  for  k/s  controller 

INPUT  *  1.44  VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

S75<5y-"t 

0. 

12.960 

446.000 

4 .5*0 

0. 

12.130 

416.900 

5.200 

0. 

12.600 

429.800 

CATA 

4.650 

0. 

12.000 

416.100 

4.400 

0. 

12.150 

416.600 

4.940 

0. 

12.420 

414.000 

5.110 

0. 

12.860 

430.600 

4.160 

0. 

11.520 

399.200 

4.580 

0. 

12.010 

412. 100 

MEAN 

4.764 

0. 

12.294 

420.144 

variance 

0.136 

-0. 

0.187 

161.297 

STD.  OEV. 

0.369 

-0. 

0.433 

12»7C0 

SUBJECT  I  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

INPUT  -  .86  VOLT  RNS  GAUSSIAN 

WITH  1  RADIAN  CUT-OFF 

1  its  : 

ITES 

IAE 

ITAE 

11.344 

244.320 

18.909 

633.150 

DATA 

10.672 

243.040 

18.666 

630.630 

11.208 

266.880 

19.620 

671.310 

10.024 

219.680 

18.576 

626.760 

MEAN 

10.812 

243.480 

18.943 

64C.462 

VARIANCE 

0.270 

278.725 

0.168 

322.371 

STO.  OEV. 

0.520 

16.695 

0.410 

17.955 

SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

INPUT  -  .56  VOLT  RMS  GAUSSIAN 

WITH  1.5  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

4.938 

70.620 

13.696 

466.240 

5.916 

124.140 

14.832 

525.360 

4.-*28 

80.160 

13.168 

475.280 

DATA 

5.460 

93.420 

14.376 

502.480 

5.934 

133.860 

14.816 

534.880 

6.384 

143.820 

15.224 

538.800 

5.676 

118.680 

13.904 

501.920 

5.088 

86.640 

13.872 

490.480 

4.884 

77.280 

13.440 

463.120 

MEAN 

5.445 

103.180 

14.148 

499.840 

VARIANCE 

0.290 

655.796 

0.436 

730.715 

STO.  OEV. 

0.538 

25.609 

0.660 

27.032 
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Table  D-9 


SUBJECT  \  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  -  1.44  VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF 

I 

IES 

ITES 

IAE 

ITAE 

44.4l5 

1363. C50 

36.140 

1176.600 

47.369 

1496.610 

42.500 

1310.000 

30.402 

1051.380 

33.040 

1125.600 

CATA 

41.220 

1297.800 

37.290 

1220.100 

3R.709 

1204.110 

35.850 

1155.S00 

31.950 

1028.700 

34.150 

1132.500 

36.216 

1272.240 

36.090 

1199.100 

35.604 

1265.760 

35.100 

1221.000 

43.092 

1504.08C 

38.310 

1317.900 

MEAN 

38.773 

1275.970 

36.497 

1206.478 

VARIANCE 

29.248 

25071.236 

6.675 

4343.153 

STO.  O'rV. 

5.408 

153.339 

2.584 

65.903 

SU8J6C’  1  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  -  .86  VOLT  RMS  GAUSSIAN 

WITH  1  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

58.860 

2313.400 

44.050 

1574.500 

DATA 

67.200 

2414.000 

49.710 

1641.900 

62.040 

2019.600 

45.760 

1466.400 

61.700 

2015.000 

46.750 

1496.500 

MEAN 

62.450 

2190.500 

46.567 

1544.625 

VARIANCE 

9.045 

31266.062 

4.225 

4697.500 

STO.  DEV. 

3.008 

176.822 

2.055 

68.538 

SUBJECT  l  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  >  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

47.730 

?”  l?53.7Ci> 

i8.95<rj  ~ 

1355.500 

38.000 

1360.000 

37.490 

1305.100 

27.210 

887.900 

32.800 

1121.000 

DATA 

53.40C 

1996.000 

42.320 

1452.800 

48.410 

2040.900 

39.460 

1462.400 

51.310 

1899.900 

39.710 

1410.900 

44.680 

1728.200 

38.320 

1358.800 

50.130 

1859. 7rO 

42.690 

1466.100 

46.290 

1625.100 

39.920 

1351.800 

MEAN 

45.240 

1683.489 

39.073 

1364.933 

VARIANCE 

S8.056 

116803.660 

7.482 

10327.675 

STO.  DEV. 

7.619 

341.766 

2.735 

101.626 
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Table  D-10 


SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 
INPUT  -  1.44  VCLl  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF 


IES 

ITES 

IAE 

ITAE 

3.256 

0. 

10.052 

310.800 

4.928 

0. 

13.398 

377.230 

3.883 

0. 

10.633 

331.380 

OATA 

3.536 

0. 

10.766 

313.180 

4.713 

0. 

12.124 

339.780 

4.367 

0. 

11.690 

338.520 

4.070 

0. 

11.095 

328.020 

2.486 

0. 

8.736 

264.950 

2.431 

0. 

8.442 

267.960 

MEAN 

3.741 

0. 

10.771 

319.091 

VARIANCE 

0.716 

-0* 

2.198 

1118.416 

STD*  DEV* 

0.846 

-0. 

1.483 

33.443 

SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 
INPUT  -  .86  VOLT  RPS  GAUSSIAN  WITH  1  RAOIAN  CUT-OFF 


IES 

ITES 

IAE 

ITAE 

14.850 

282.100 

20.490 

678.500 

OATA 

9.180 

130.200 

18.160 

618.900 

10.110 

100.200 

2C.040 

598.609 

8.600 

71.200 

18.120 

566.900 

PEAK 

10.685 

145.925 

19.202 

615.725 

VARIANCE 

6.073 

6616.377 

1.154 

1656.984 

STO.  DEV. 

2.464 

81.341 

1.074 

40.706 

— 

SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

INPUT  -  .56  VOLT  RMS  GAUSSIAN 

WITH  1.5  RAOIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

5.620 

15.900 

14.200 

512.500 

6.720 

48.800  ' 

14.750 

522.700 

5.920 

15.300 

14.480 

501.700 

OATA 

6.320 

36.400 

14.950 

525.500 

6.760 

37.600 

15.870 

524.900 

5.240 

0. 

13.700 

466.100 

9.040 

118.100 

16.590 

539.200 

6.040 

10.200 

14.360 

486.400 

5.650 

0. 

14.090 

471.500 

MEAN 

6.368 

31.367 

14.777 

505.611 

VARIANCE 

1.119 

1200.433 

0.749 

593.826 

STO.  OEV. 

1.058 

34.647 

0.965 

24.369 
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Table  D-11 


SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 
INPUT  -  1.66  VOLT  RMS  GAUSSIAN  KITH  .5  RADIAN  CUT-OFF 


IES 

ITES 

IAE 

ITAE 

5.620 

0. 

16 VO 60  ^ 

663.100 

5.500 

0. 

16.310 

676.100 

6.130 

0. 

16.700 

667.800 

OATA 

5.960 

0. 

16.330 

657.500 

7.520 

66.200  . 

15.  780 

505.100 

5.680 

0. 

16.260 

666.000 

6.580 

0. 

12.610 

628.000 

5.790 

0. 

16.120 

668.600 

5.190 

0. 

13.570 

655.900 

MEAN 

5.752 

6.911 

16.193 

660.900 

VARIANCE 

0.576 

192.952 

0.637 

627.276 

STO.  DEV. 

0.759 

13.891 

0.798 

20.671 

SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 
INPUT  -  .86  VOLT  RMS  GAUSSIAN  WITH  l  RADIAN  CUT-OFF 


IES 

ITES 

IAE 

ITAE 

18.900 

661.700 

26.990 

859.  roar 

CATA 

21.860 

616.600 

28.580 

966.200 

18.*2C 

696.000 

25.650 

890.500 

23.160 

660.208 

29.180 

987.200 

MEAN 

20.580 

558.075 

27.600 

925.250 

VARIANCE 

3.920 

6806.266 

1.908 

2736.578 

STO.  OEV. 

1.980 

82.500 

1.381 

52.293 

SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 
INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RAO I  AN  CUT-OFF 


VARIANCE 
STO.  OCV. 


IES 

ITES 

IAE 

ITAE 

9.330 

176.800 

19.6C0 

706.200 

9.880 

172.900 

18.620 

663.600 

9.650 

169.600 

18.660 

636.900 

9.750 

166.800 

18.520 

662.600 

10.900 

187.000 

19.620 

668.200 

13.090 

293.900 

21.720 

762.800 

12.960 

257.000 

21.580 

706.600 

9.260 

117.600 

18.61C 

596.600 

9.660 

132.300 

18. "20 

620.000 

10.631 

185.767 

19.668 

659.878 

2.051 

2802.316 

1.516 

1966.865 

1.632 

52.937 

1.251 

S  66.369 

I 


QE/zzMs-2 


Table  D- 12 


I 


■ 

; 

-i  , 

4 


\ 


!  *  | 
i  i  J 

;  i 

L: 


SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K/S2  CCNTROll EA 

INPUT  -  1.44  VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF 

IES 

ITfcS 

IAE 

I  TAE 

37.110 

1029.900 

36.600 

1126.000 

46.010 

1489.900 

38.550 

1263. 5G0 

34.780 

974.200 

35.080 

1131.200 

CATA 

33.470 

1007.300 

35.090 

1154.100 

36.200 

1098.000 

33.520 

1083.800 

24.000 

604.700 

29.450 

935.500 

39.340 

1156.600 

35.240 

1175.600 

29.280 

732.200 

30.530 

923.700 

36.470 

1221.300 

34* $60 

....  .  . 

1204.400 

MEAN 

35.184 

1034.900 

24.291 

1110.867 

VARIANCE 

33.768 

60192.597 

7.098 

11696.139 

STD.  DEV. 

5.811 

245.342 

2.664 

1C8.149 

SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

I 

INPUT  -  .86  VOL 

T  RMS  GAUSSIAN 

WITH  1  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

I  TAE 

55.080 

1914.200 

45.250 

1525.500 

OATA 

53.480 

1600.200 

44.950 

1406.500 

50.600 

1709.000 

41.420 

1438.800 

50.340 

1649.600 

44.010 

1455.900 

PEAR 

52.375 

1718.250 

43.907 

1456.675 

VARIANCE 

3.958 

14282.687 

2.272 

1893.656 

STO.  DEV. 

1.989 

119.510 

1.507 

43.516 

SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  -  .56  VOLT  AMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF 

IES 

ITES 

IAF 

I  TAE 

37.656 

1223.040 

33.06C 

1147.400 

40.416 

1230.240 

34.260 

1115.400 

39.792 

1337.280 

35.380 

1216.200 

OATA 

45.660 

1629.000 

36.19C 

1278.100 

37.104 

1343.760 

32.300 

1181.000 

47.520 

1792.800 

36.640 

1343.600 

41.412 

1561.080 

3-  580 

1303.200 

37.380 

1195. 80C 

33.760 

1147.400 

43.200 

1690.800 

34.610 

1299.900 

MEAN 

41.127 

1444.867 

34.709 

1225.800 

VARIANCE 

12.262 

45339.444 

1.683 

6074.958 

STO.  OEV. 

3.502 

212.931 

_ 

1.297 

77.942 
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Table  D-13 


r 

Uu&JECT  3  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 
| INPUT  -  1.44  VCLT  RMS  GAUSSIAN  KITH  .5  RADIAN  CUT-OFF 

IES 

ITES 

1AE 

1TAE 

12.000 

296.800 

19.416 

626.640 

20.550 

522.500 

21.372 

679.080 

13.530 

402.700 

21.780 

736.200 

CATA 

14.605 

423.950 

20.280 

697.800 

13.720 

40 7. 800 

18.972 

650.880 

12.970 

357.000 

2C.892 

689.880 

12.390 

324.250 

19.800 

649.800 

11.960 

324.800 

19.042 

672.780 

9.500 

226.000 

17.928 

579.120 

MEAN 

13.469 

365.089 

20.031 

664.687 

variance 

B.  122 

6538.587 

1.297 

1811.056 

STO.  OEV. 

2.850 

80.862 

1.139 

42.556 

»-■  -  -  -  ■  - 1 

SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

INPUT  -  .66  VOLT  RMS  GAUSSIAN  WITH  l  RAOIAN  CUT-OFF 

— 

IES 

ITES 

IAE 

ITAE 

7.500 

196.450 

15.505 

570.150 

OATA 

6.490 

241.000 

16.814 

614.460 

9.105 

244.150 

17.318 

610.820 

11.690 

371.100 

19.320 

714.000 

MEAN 

9.196 

263.175 

17.239 

627.357 

VARIANCE 

2.401 

4238.429 

1.881 

2804.863 

STO.  OEV. 

1.549  j  65.103 

! 

1.372 

52.961 

SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

|  INPUT  -  .56  VOLT  RMS  GAUSSIAN 

WITH  1.5  RAOIAN 

CUT-OFF 

' 

ITES 

IAE 

ITAE  | 

j 

8.980 

244.100 

18.060 

625.800 

7.760 

197.700 

17.514 

615.860 

j 

8.560 

192.700 

18.284 

588.560 

OATA 

6.960 

173.400 

15.134 

554.260 

11.340 

343.200 

20.510 

734.300 

11.815 

370.950 

20.685 

752.150 

6.530 

166.500 

15.386 

577.640 

8.430 

223.100 

16.758 

592.620 

7.525 

182.850 

16.198 

565.320 

MEAN 

8.656 

232 ,722 

17.614 

622.946 

VARIANCE 

2.981 

4972.711 

3.592 

4593.889 

STO.  OEV. 

* 

|  1.726 

70.517 

1.895 

67.778 
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Table  D-14 


1 

SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

INPUT  -  1.44  VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

1TAE 

14.208 

425.280 

24.232 

852.080 

14.526 

314.940 

23.440 

710.400 

9.210 

212.580 

18.864 

642.560 

DATA 

17.352 

404.220 

26.400 

796. OCO 

10.368 

240.730 

2C.688 

676.320 

8.514 

166. SCO 

18.776 

611.280 

11.460 

274.800 

22.512 

743.680 

10.374 

238.500 

19.9C4 

665.760 

8.184 

173.280 

18.488 

624.720 

MEAN 

11.584 

272.320 

21.478 

702.533 

VARIANCE 

8.679 

7703.470 

6.989 

5874.840 

STO.  OEV. 

2.946 

87.769 

2.644 

76.648 

SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

INPUT  -  .86  VOLT  RMS  GAUSSIAN 

WITH  1  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAc 

24.216 

766.440 

29.240 

1009.200 

CATA 

17.628 

480.120 

25.960 

756.400 

24.114 

763.860 

30.976 

1027.040 

16.128 

455.520 

24.840 

843.600 

MEAN 

20.521 

616.485 

27.754 

909.060 

VARIANCE 

13.558 

22177.758 

6.075 

12884.352 

STO.  OEV. 

3.682 

148.922 

2.465 

113.509 
_ 1 

SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 


INPUT  -  .56  VOLT  RMS  GAUSSIAN 

WITH  1.5  RAO I AN 

CUT-OFF 

IES 

ITES 

IAE 

ITAE 

t 

13.884 

442.800 

21.712 

783.375 

9.858 

280.740 

18.007 

655.425 

13.950 

40'. 220 

22.192 

744.825 

DATA 

18.606 

596.94C 

24.967 

851.325 1 

15.348 

507.120 

23.062 

807.375 

15.018 

405.720 

23.227 

748.725  j 

17.256 

460.440 

24.495 

764.550 

16.746 

354.  780 

26.100 

730.500 

9.520 

218.940 

17.145 

616.050 

MEAN 

14.354 

407.967 

22.323 

744.683 

VARIANCE 

9.809 

11586.085 

8.130 

4658.396 

STD.  OEV. 

3.132 

107.639 

2.851 

68.252 

Table  D-15 


SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  -  1.4*  VCLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF 

IES  1 

ITES 

IAE 

ITAE 

55.168 

1535. 52C 

43.123 

807.120 

♦5.744 

1395.360 

38.214 

1296.360 

51.072 

1407.680 

43.632 

1277.280 

OATA 

34.664 

1062.960 

34.65C 

1133.100 

42.448 

928.320 

38.034 

1010.160 

32.224 

106.560 

33.858 

1065.420 

42.440 

999.600 

37.854 

1054.260 

32.728 

819.120 

33.210 

958.500 

31.776 

940.640 

32.940 

1033.200 

MEAN 

40.918 

1110.640 

37.28C 

1070.600 

VARIANCE 

66.607 

61466.458 

14.483 

20547.153 

STD.  DEV. 

8.161 

...  _ 

247.924 

3.806 

143.343 

SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  -  .86  VOLT  RMS  GAUSSIAN 

WITH  1  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

95.040 

3044.800 

55.161 

1698.390 

OATA 

65.968 

2267.520 

49.473 

1568.070 

72.872 

2432.880 

56.313 

1771.470 

46.384 

1484.960 

39.582 

1236.780 

MEAN 

70.066 

2307.540 

5C.i;32 

1568.677 

VARIANCE 

302.301 

309375.500 

43.808 

42026.594 

STO.  OEV. 

17.387 

556.215 

6.619 

205.004 

_  _ l 

SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

! INPUT  -  .56  VOLT  RMS  GAUSSIAN 

1  _ 

WITH  1.5  RADIAN  CUT-OFF 

IES 

ITES 

IAE 

ITAE 

37.600 

1287.200 

37.674 

1285.560 

45.880 

1636.400 

40.059 

1344.510 

44.080 

1609.600 

39.690 

1358.100 

OATA 

40.048 

1525.920 

36.459 

1284.210 

77.600 

2382.400 

55.620 

1701.900 

47.224 

1790.160 

39.438 

1396.620 

64.000 

1821.600 

48.33Q 

1439.100 

58.400 

1460.800 

47.223 

1288.  70 

100.160 

2356.800 

59.382 

1511.280 

MEAN 

57.221 

1763.431 

44.875 

1401.050 

VARIANCE 

376.394 

128211.277 

60.631 

16544.69* 

STO.  OEV. 

19.401 

358.066 

7.787 

128.626 
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-  , 

SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER  I 

INPUT  -  1.44  VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  l  VOLT  STEP  | 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

'  '  6. 

13.916 

393.263 . 

6.0 

DATA 

0. 

13.063 

371.053 

11.9 

MM 

0. 

13.947 

388.105 

13.2 

M1 

0. 

13.737 

377.158 

8.5 

3.411 

0. 

13.811 

361.053 

88.0 

MEAN 

3.  552 

0. 

13.695 

378.126 

VARIANCE 

0.010 

-0. 

0.105 

134.237 

STO.  OEV. 

0*09« 

-0. 

0.325 

11.586 

INPUT  -  1.44  VOLT  RMS  SAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

97579 

57.895 

16.547 

448.316 

12.8 

DATA 

9.705 

20.947 

15.800 

393.158 

8.8 

8.168 

13.053 

14.547 

391.579 

ll.O 

8.295 

39.368 

14.926 

416.842 

12.0 

9.695 

24.947 

15.421 

398.842 

7.0 

MEAN 

9.048 

31.242 

15.448 

409.747 

VARIANCE 

0.460 

250.572 

0.483 

452.422 

STO.  OEV. 

0.678 

15.829 

0.695 

21.270 

- - - - - „ - 

INPUT  -  1.44  VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  >  VOLT  STEP 

! _ ik _ 

ITES 

IAE 

ITAE 

STEP  TIMEl 

Trrrmniii 

iHHKi  >  M  It  Ntti 

|  17.221  "" 

433.579 

HEE 1  H 

OATA 

16.737 

125.263 

16.926 

460.632 

15.221 

93.474 

15.768 

442.947 

21.432 

128.105 

17.789 

445.895 

■era 

18.526 

90.526 

16.737 

393.789 

■ml 

MEAN 

18.785 

134.905 

16.888 

435.368 

VARIANCE 

6.874 

2856.176 

0.440 

507.700 

STO.  OEV. 

2.622 

53.443 

0.664 

22.532 
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Table  D-17 


SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  1  VOLT  STEP 


IES 

ITES 

-  I  AC 

ITAE 

STEP  TIME 

6.61S 

16.632 

15.632 

669.476 

9.0 

OAT  A 

7.053 

21.053 

16.316 

466.737 

6.6 

6.S5B 

16.862 

15.076 

449.895 

11.7 

6.600 

12.000 

15.337 

470.421 

12.3 

5.811 

0. 

16.358 

417.579 

14.2 

MEAN 

6*686 

13.305 

15.363 

450.821 

VARIANCE 

G.161 

52.666 

0.615 

349.066 

STO.  OEV. 

0.601 

7.263 

0.666 

18.683 

INPUT  -  .56 

VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

11.767 

1171676 

17.537 

488.421 

12.8 

OAT  A 

10.286 

75.263 

17.611 

475.368 

12.2 

11.695 

85.676 

18.916 

510.421 

4.3 

9.367 

37.263 

15.886 

436.316 

9.6 

8.368 

20.316 

16.937 

429.368 

7.6 

MEAN 

10.268 

67.158 

16*  <37 

467.979 

VARIANCE 

1.630 

120*. 

1.922 

953.428 

STO.  OEV. 

1.277 

36.701 

1.386 

30.876 

INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 

! _ 1 _ ili _ 1 

ITES 

IAE 

ITAE 

STEP  TIME 

20.086 

160.000 

19.076 

^  4  76.96 1 

7.7 

DATA 

19.705 

190.000 

18.905 

675.263 

12.7 

19.853 

136.105 

16.989 

663.368 

8.4 

18.611 

81.895 

17.611 

439.789 

5.2 

1A.686 

120.000 

16.862 

435.579 

10.0 

MEAN 

10.987 

133.600 

17.866 

453.789 

VARIANCE 

1.583 

1217.319 

0.912 

309.005 

STO.  OEV. 

1.258 

36.890 

0.955 

17.579 

1C9 
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Table  D-18 


SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

INPUT  -  1.44  VOLT  RMS  GAUSSUN  WITH  .$  RADIAN  CUY-OFF  PLUS  1  VOLT  STEP 

I6S 

ITES 

IAE 

ITAE 

STEP  TIME! 

5.600 

0. 

13.147 

368.526 

6.5 

DATA 

5.663 

0. 

12.832 

352.632 

6.9 

5. 547 

0. 

13.242 

372.842 

14.8 

5.579 

0. 

12.800 

356.737 

8.8 

5.568 

0. 

12.716 

358.000 

16.7 

MEAN 

5.592 

0. 

12.967 

361.747 

variance 

0.002 

-0. 

0.043 

58.261 

STO.  DEV. 

0.94a 

-0. 

0.208 

7. 6J5 

INPUT  -  1.44  VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

7.158 

0. 

12.653 

329.474 

9.7 

DATA 

7.779 

0. 

13.063 

356.947 

5.8 

7.516 

0. 

12.221 

331.158 

13.3 

8.000 

0. 

12.979 

348.316 

10. 1 

8.305 

0. 

12.463 

337.684 

7.9 

MEAN 

7.7S2 

0. 

12.676 

340.716 

VARIANCE 

0.155 

-0. 

0.099 

109.631 

STO.  OEV. 

0.394 

•0. 

0.314 

10.470 

INPUT  -  1.44 

VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

13.989 

64.316 

13.379 

337.526 

Mvngii 

OATA 

14.674 

16.842 

13.221 

335.579 

5.2 

16.442 

71.684 

14.232 

360.737 

7.7 

17.547 

82.211 

14.232 

349.789 

9.0 

15.947 

100.947 

12.442 

303.789 

13.3 

MEAN 

15.720 

67.200 

13.501 

336.484 

VARIANCE 

1.600 

785.709 

0.456 

370.134 

STO.  OEV. 

1.265 

28.031 

0.676 

19.239 

r&IAWipPX-'vty  '*#*?>*'*•*%.>•  gwi't#***'** , '-'**' '**•'* «  i"w*«W - '«  ?w -W JWW85J$ffl;1 t$ f^SB8^ f 
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Table  D-19 


SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

INPUT  -  .96  VOLT  RMS  GAUSSIAN  WITH  1.9  RADIAN  CUT-OFF  PLUS  l  VOLT  STEP 


IES 

ITES 

I  AS 

ITAE 

STEP  TIME 

6.232 

0. 

15.032 

4S4.S26 

13.5 

DATA 

5.747 

0. 

16.168 

639.676 

10.0 

5.937 

0. 

16.611 

609.789 

6.263 

0, 

16.937 

411.579 

wm"  m 

5.716 

0. 

16.621 

425.895 

mm sfl 

MEAN 

5.979 

c. 

16.596 

428.253 

VARIANCE 

0.056 

-0. 

0.111 

288.139 

STO*  DEV* 

0.232 

-0. 

0.333 

16.975 

H 

INPUT  -  .96 

VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 

. 

IES 

ITES 

IAF  1  ITAE 

STEP  TIME 

8.967 

25.676 

16.968 

407.053 

13.4 

DATA 

8.926 

28.967 

16.737 

417.368 

11.0 

8.211  27.263 

16.095 

449.579 

8.8 

10.063 

31.676 

16.505 

436.842 

6.0 

9.832 

61.158 

16.800 

456.211 

S.l 

MEAN 

9.196 

30.863 

15.821 

633.011 

|| 

VARIANCE 

0.652 

30.606 

0.681 

2)31.428 

■HH 

STD.  DEV. 

0.673 

5.516 

0.825 

18.205 

HI 

INPUT  -  .56 

VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIMEl 

18.676 

178.632 

16.086 

468.632 

DATA 

19.821 

171.368 

18.621 

457.895 

mmv !  S 

16.558 

99.789 

16.126 

481.263 

■tl 

16.686 

82.862 

16.821 

482.526 

m 

19.076 

100.000 

17.662 

469.789 

■K 1 311 

MEAN 

18.082 

126.526 

17.019 

472.021 

VARIANCE 

1.807 

1610.518 

0.813 

02.366 

H  H 

STD.  DEV. 

1.366 

60.131 

0.902 

9.076 
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Table  D-20 


SUBJECT  1  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  -  1.44  VOLT  RMS  GAi'SSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  l  VOLT  STEP 

1  . 

IES 

ITES 

IAE 

tTAE 

STEP  TIMEl 

44.063 

1006.737 

41.453 

1137.579 

IbIi 

CAT  A 

51.537 

1486.737 

41.642 

1324.672 

27.242 

680.842 

32.211 

917.895 

37.926 

986.947 

39.032 

1108.632 

w: 

48.621 

1347.895 

41.768 

1267.579 

MB  jjm 

MEAN 

41.918 

1101.832 

39.221 

1161.263 

| 

VARIANCE 

75.216 

81634.537 

13.3G3 

20136.637 

■BB 

STO.  OEV. 

6.673 

285.719 

3.647 

141.904 

B 

■ 

■ 

INPUT  -  1.44 

1 

VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

66.000 

1686.316 

47.579 

1344.211 

12.2 

OATA 

46.568 

1205.895 

40.158 

1167.693 

8.0 

53.589 

1504.105 

43.789 

1298.947 

lllii^ELH^B 

33.211 

756.316 

34.168 

957.263 

60.053 

1622.632 

48.632 

1385.263 

MEAN 

51.884 

1355.053 

42.865 

1230.716 

■ 

VARIANCE 

129.170 

116856.699 

27.858 

24028.875 

||yjJ 

STO.  OEV. 

11.365 

341.843 

5.278 

155.012 

1  J 

INPUT  -  1.44 

VOLT  RMS  GAUSSIAN  WITH  .5  RAO l AN  CUT-OFF  PLUS  5  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

6hT352 

1976.632 

43.074 

1171.368 

10.4 

OATA 

47.305 

872.211 

34.958 

924.105 

8.5 

63.853 

1290.947 

43.011 

1127.789 

6.5 

47.884 

808.526 

38.347 

980.777 

4.2 

93.032 

1962.316 

50.653 

1308.210 

12.9 

MEAN 

63.261 

1382.126 

42.008 

1102.442 

VARIANCE 

275.722 

257480.225 

27.995 

19870.075 

II 

STO.  OEV. 

16.605 

507.425 

5.291 

137.368 

[Hi 
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Table  D-21 


OBJECT  1  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  1  VOLT  STEP 


:  MEAN 
VARIANCE 
STO.  OEV. 


ICS 

ITES 

IAE 

ITAE 

JUSL  Hi 

72.021 

1736.000 

50.716 

1534. 947 

13.8 

48.032 

1488.105 

40.926 

1260.211 

11.0 

51.832 

1803.789 

41.695 

1378.842 

8.5 

43.905 

1532.526 

38.442 

129T.684 

4.7 

41.642 

1521.474 

37.811 

1285.053 

5.8 

51.646 

1616.379 

41.918 

1351.347 

124.296 

16384.875 

21.478 

10009.175 

11.149 

128.003 

4.634 

100.046 

n\ 

I 


INPUT  -  .56  VOLT  RMS  CAUSSUN  WITH  1.5  RAO! AN  CUT-OFF  PC’S  3  VOLT  STEP 


IES 

ITES 

IAE 

ITAE 

$67958 

1768.842 

43.832 

'.321.684 

OAT  A 

61.979 

1664.421 

43.663 

1259.168 

46.147 

1386.947 

39.232 

1166.632 

52.337 

1654.526 

40.916 

1224.526 

60.737 

1726.316 

46.021 

1365.053 

MEAN 

55.832 

1640.210 

42.733 

1267.410 

VARIANCE 

26.626 

17778.800 

5.689 

4908.687 

STO.  OEV. 

5.160 

133.337 

2.335 

70.062 

STEP  TINE 

KHT 

10.6 

8.5 

6.2 

4.6 


-  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 


— 

IES 

ITES 

IAE 

ITAE 

61.347 

1498.105 

40.653 

1171.707 

OATA 

76.000 

2130.526 

45.789 

1349.474 

73.137 

1492.842 

44.211 

1130.526 

52.021 

990.316 

38.166 

1035.158 

93.789 

1847.368 

52.337 

1285.053 

MEAN 

71.259 

1591.832 

44.232 

1194.400 

VARIANCE 

200.393 

147179.174 

23.539 

12443.000 

STO.  OEV. 

14.156 

383.639 

4.852 

111.548 

1 

STEP  TINE 
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Table  D-23 


SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  l.S  RADIAN  CUT-OFF  PLUS  1  VOLT  STEP 

IES 

TTES 

•  IAE 

ITAE 

STEP  TIME, 

7.326 

42.316 

15.9T9 

507.789 

13.5 

OAT  A 

8.505 

85.053 

17.411 

557.263 

10. 1 

8.242 

70.000 

17.053 

534.842 

8.8 

6.621 

12.316 

14.242 

484.000 

8.6 

7.126 

51.579 

15.789 

507.579 

4.5 

MEAN 

7.604 

52.253 

16.091 

518.695 

VARIANCE 

0.468 

616.991 

1.239 

611.944 

STO.  OEV. 

0.684 

24.839 

1.113 

24.737 

INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  3  VOLT  STv'P 

IES 

ITES 

IAE 

ITAE 

U. 474 

112.211 

18.316 

564.105 

4.7 

SATA 

12.611- 

94.316 

18.095 

527.684 

4.3  1 

10.442 

89.368 

17.505 

541.263 

8.4  1 

11.242 

112.105 

17.905 

547.053 

10.5 

12.768 

159.684 

18.358 

563.579 

14.7 

MEAN 

11.707 

113.537 

18.036 

549.137 

VARIANCE 

0.763 

617.390 

0.097 

204.616 

STO.  OEV. 

0.873 

24.847 

0.311 

14.304 

INPUT  -  .56 

VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 

IES 

ITES 

IAE 

..  .  ITAE 

STEP  TINE 

14.421 

27.389 

18.526 

562.10$ 

14.3 

DATA 

14.400 

34.114 

19.432 

334.105 

11.7 

14.832 

22.579 

18.663 

519.684 

8.6 

14.800 

15.863 

17.663 

510.105 

7.2 

15.305 

16.705 

19.263 

543.789 

4.0 

mean 

14.752 

23.331 

18.709 

533.958 

Variance 

0.110 

46.604 

0.392 

332.334 

fcro.  oev. 

0.331 

6*827 

0.626 

18.230 
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Table  D-24 


SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  «/S  CONTROLLER 

INPUT  -  1.44  VOLT  RMS  GAUSSUN  WITH  .5  RADIAN  CUT-OFF  PLUS  1  VOLT  STEP 

_ 

IES 

ITES 

1  1AE 

ITAE 

[  STEP  TIME  ! 

7.811 

55.784 

15.958 

477.263 

■Rnl | 

'OAT  A 

7.411 

48.632 

’  16.000 

476.421 

1  ■$ 

7.463 

42.421 

15.495 

470.947 

8.305 

74.947 

16.40C 

496.000 

■K  1 ■§ 

7.432 

68.737 

15.547 

490.332 

MEAN 

7.684 

58.105 

15.880 

482. ."*53 

VARIANCE 

0.118 

147.559 

0.110 

89.184 

STO.  OEV. 

0.343 

12.147 

0.332 

9.444 

INPUT  -  1.44 

VUw.  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

EuEsnni 

16.600 

200.316 

19.389 

532.632 

■ksxjh 

DATA 

13.074 

125.263 

17.516 

472.000 

14.505 

129.158 

18.368 

499.474 

15.516 

145.895 

19.116 

526.526 

l  m 

11.737 

62.842 

17.221 

472.211 

■mi 

MEAN 

14.286 

132.695 

18.322 

500.568 

VARIANCE 

2.977 

1938.795 

0.727 

664.678 

STO.  OEV. 

1.725 

44.032 

0.853 

25.781 

INPUT  -  1.44 

VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 

_  m _ 

ITES 

IAE 

ITAE 

30.021 

238.842 

21.168 

495.684 

OATA 

23.684 

111.053 

19.368 

467.053 

■m 

27.095 

226.211 

19.358 

479.57'' 

25.042 

256.316 

17.863 

465.158 

30.800 

445.263 

21.421 

589.263 

■mi 

MEAN 

27.328 

255.537 

19.836 

499.347 

VARIANCE 

7.573 

11602.225 

1.725 

2140.187 

STO.  OEV. 

2.752 

107.714 

1.314 

i 

46.262 

1*16 
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Table  D-25 


SUBJECT  2  *  “EfsFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CJT-OFF  PLUS  l  VOLT  STEP 


IES 


15.147 
13.895 
11.716 
13. SOS 
11.156 


MEAN 

VARIANCE 
STD.  OEV. 


13.084 

2.135 

1.461 


260.94? 

3456.483 

58.792 


STEP  TIME 


INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 


17.684 

16.853 

20.211 

18.463 

16.379 


*31.684 

231.684 
324.737 

341.684 
277.263 


STEP  TIME 


22.168 

22.895 

22.453 

21.674 


642.947 

664.316 

655.579 

617.158 


MEAN 

17.913 

301.411 

22.52.' 

659.979 

variance 

1.822 

1705.489 

0.359 

1150.362 

STO.  OEV. 

1.350 

1 

i 

41.298 

0.599 

33.917 

.56  VOLT  RMS  GAUSSIAN  WITH  1.5  RAO I  AN  CUT-OFF  PLUS  5  VOLT  STEP 


ITES 


MEAN 
VARIANCE 
STD.  OEV. 


ItS 


33.579 

44.000 

32.000 

33.389 

30.642 


34.722 

22.644 

4.759 


486.147 

29123.315 

170.656 


IAE 


27.495 

28.547 

24.253 

25.000 

23.147 


25.688 

4.086 

2.021 


ITAE 


830.316 

753.263 

639.579 

674.211 

577.158 


7819.081 

88.426 


wmxrmi 


— ■ 


Table  D-26 


SUBJECT  2  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 
INPUT  -  1,44  V JLT  RMS  GAUSSIAN  KITH  .5  RADIAN  CUT-OFF 

PLUS  l  VOLT  STEP  | 

r  ies 

ITES 

IAE 

ITAE 

H33£fiR3i| 

'  1  1 

1671.368 

39.811 

1252.421  ' 

- r rr~ 

DATA 

1356.942 

37.4)2 

1154.316 

6.2 

1303.158 

33.558 

1046.526 

8.3 

KT  5  l  rife 

1543.053 

0.579 

1300.526 

11.5 

HumI 

1145.789 

35.200 

1056.421 

l*,4 

mean 

bust; 

1)44.042 

37.316 

1162.042 

VARIANCE 

29.au 

60483.525 

7.097 

10381.137 

STO.  DEV. 

5.3)1 

245.934 

2.664 

101.888 

INPUT  -  1.44 

VOLT  RMS  GAUSSIAN  WITH  .5  RAOIAN  CUT-OFF 

PLUS  1  VOLT  SJEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

42.032 

1189.158 

38.305 

1115.895 

14.4 

DATA 

39.011 

934.105 

37.432 

1018.316 

10.4 

49.569 

1167.474 

40.011 

1064.158 

8.7 

59.084 

1337.053 

42.547 

*.1169.26) 

6.5 

- T - 

46.042 

1068.00C 

39.263 

1057.895 

5.7 

MEAN 

46.947 

1143.158 

39.512 

1085.305 

VARIANCE 

43.775 

17409.587 

3.062 

2725.900 

STO.  OEV. 

6.616 

131.945 

1.750 

52.210 

INPUT  -  1.44 

VOLT  RMS  GAUSSIAN  WITH  .5  RAOIAN  CUT-OFF  PLUS  5  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

•  STEP  TIME 

49.684 

1382.105 

38.716 

1156.000 

14.2 

DATA 

58.674 

1458.526 

41.221 

1172.000 

10.4 

52.411 

1235.895 

40.558 

1102.842 

9.5 

68.453 

1*03.895 

44.926 

1197.053 

5.5 

75.874 

1567.579 

48.632 

1325.263 

2.8 

MEAN 

61.019 

1409.600 

42.811 

1190.632 

VARIANCE 

96.801 

11662.600 

12.546 

5484.075 

STO.  OEV. 

9.839 

107.994 

3.542 

74.055 

sr»j x 9IM*»T^?V^  '&frJt*&*j+i fRSJWSS*  4?««c^w'v 
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Table  3>-27 


SUBjECT  2  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  -  -56  VOLT  RMS  G/USSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  i  VOLT  STEF 


US 


51.789 

65,567 

66.126 

60.989 

69.095 


MEAN 

VARIANCE 

STO.  OEV. 

50.309 

72.191 

8.697 

ITcS 


1517.895 

2803.676 

1617.686 
1609.053 

1637.686 


1797.158 

259785.576 

509.692 


I AE 


63.662 
63.78V 
39.086 

38.663 
62.686 


61.693 

6.773 

2.185 


STEP  TIME 


INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 


STEP  TIME 


MEAN 

VARIANCE 
STO.  OEV. 


53.611 

66.716 

63.967 

58.968 


59.863 

23.792 

6.878 


1682.737 

2213.895 

1876.316 

1652.621 


’775.895 

63589.725 

252.170 


62.537 

63.853 

68.167 

66.358 


66.651 

3.501 

1.871 


1223.053 

1361.676 

1626.862 

1293.263 


1319.179 

6707.6c* 

68.611 


INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 


OAT  A  | 

98.621 

79.686 

58.358 

77.326 

101.126 

MEAN 

VARIANCE 

•STO.  OEV. 

82.963 

263.628 

15.609 

2772.632 
2669.368 

3300.632 
1769.895 
1898.21C 


2662.167 

31S969.50C 

566.756 


55.876 
69.895 
38.979 
66.686 

50.876 


68.621 

31.327 

5.597 


1666.526 

1569.676 

1030.211 

1303.579 

1352.316 


1386.621 

69371.825 

222.198 
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Tabls  D-P.8' 


SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  X  CONTROLLER 

INPUT  -  1.44  VOLT  RMS  OAUSSIAN  WITH  .5  RAO ! AN  CUT-OFF  PLUS  l  VOLT  STEP 


IES 

ITES 

IAE 

ITAE 

STEP  T I 

13. R1I 

254.000 

22.274 

666.211 

15.8 

CAT  A 

18.242 

374.211 

22.605 

716.211 

11.8 

23.516 

476.632 

22.026 

650.421 

3.6 

14.116 

182.211 

10.026 

523.263 

0.4 

15.368 

264.737 

20.080 

572.633 

5.7 

MEAN 

l/.Oll 

310.358 

21.762 

625.747 

VARIANCE 

13.030 

1C680.670 

1.201 

4750.701 

STD.  DEV. 

3.610 

103.347 

1.136 

68. *>26 

i 

INPUT  -  1.44  VOLT  RPS  GAUSSIAN  WITH  .5  RAC  I  AN  CUT-OFF  PLUS  3  VOLT  STEP 


IES 

ITES 

IAE 

ITAE 

STEP  TI 

63.068 

1415.053 

28.221 

764.526 

14.2 

DATA 

27.011 

467.263 

25.005 

657.368 

10.4 

18.032 

210.632 

20.653 

532.947 

9.0 

33.516 

853.263 

31.832 

075.368 

6.9 

32.205 

624.421 

30.558 

829.153 

3.9 

mean 

34.964 

714.126 

27.434 

751.874 

VARIANCE 

240.059 

166630.437 

15.608 

22588.560 

STO.  DEV. 

15.495 

408.204 

3.951 

150.295 

INPUT  -  1.44  VOLT  RPS  GAUSSIAN  UITH  .5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 


IES 

ITES 

IAF 

ITAE 

STEP  TIMI 

56.842 

007.805 

32.653 

774.526 

9.2 

OAT  A 

38.379 

566.632 

28.074 

688.632 

10.4 

30.780 

516.421 

30.737 

782.105 

6.3 

62.316 

1155.780 

37.874 

1011.789 

4.2 

66.832 

1349.105 

40.080 

942.737 

14.2 

MEAN 

51.032 

015.368 

34.065 

839.958 

VARIANCE 

196.114 

105158.137 

22.284 

14123.512 

STD.  DEV. 

14.004 

324.281 

4.721 

118.842 

Tabla  D-29 


r>r?/m  /ififf-  o 


W .-V 


SUBJECT  3  - 
INPUT  -  .56 

PERFORMANCE  MEASURES  FOR  K  CONTROLLER 

VOLT  RMS  GAUSSIAN  WITH  1.5  RAOIAN  CUT-OFF  PLUS  1  VOLT  S  2P 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

9.811 

189. C53 

- rrnvt 

562.73 T 

3.* 

DATA 

9.263 

134.947 

17.695 

514.421 

7.2 

9.368 

153.684 

20.063 

529.158 

9.2 

13.579 

238.  842 

22.747 

634.316 

11.0 

9.979 

161.053 

18.221 

527.895 

13.7 

MEAN 

IG.400 

175.516 

19.295 

553.705 

VARIANCE 

2.597 

1305.013 

3.724 

1878.331 

STD.  DEV. 

1.612 

36.125 

1.93C 

43.340 

1  ■  _  _ _ I 

INPUT  -  .56 

VOLT  RMS  GAUSSIAN  WITH  1.5  RAOIAN  CUT-OFF  PLUS  3  VOLT  STEI 

» 

IES 

ITES 

IAE 

ITAE 

STEP  TINE 

!“““  [9.347 

326.632 

23.28a 

■“  62*. 053 

13.1 

DATA 

15.906 

181.579 

21.305 

543.053 

10.1 

14.442 

222. 00C 

21.495 

591.294 

8.9 

20.705 

331.368 

25.589 

657.579 

6.3 

25.158 

354.316 

25.537 

670.105 

4.3 

MEAN 

19.112 

283.179 

23.442 

617.537 

VARIANCE 

14.248 

4667.246 

3.476 

2125.747 

STO.  OEV. 

3.775 

68.317 

1.365 

46.106 

INPUT  -  .56 

VOLT  RMS  GAUSSIAN  WITH  1.5  RAOIAN  CUT-OFF  PLUS  5  VOLT  STSI 

A 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

35.663 

6267642 

26.926 

6*1.789 

14.2 

DATA 

40.337 

737.684 

28.778 

770.316 

U.4 

34.463 

510.737 

29.253 

702.105 

8.8 

47.958 

480.947 

27.168 

571.684 

7.1 

39.368 

288. COC 

23.305 

527.684 

4.8 

KEAN 

39.558 

527.642 

27.082 

652.716 

VARIANCE 

22.466 

22539.690 

4.363 

7998.969 

STO.  OEV. 

4.740 

150.132 

2.089 

89.437 

121 
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TaftLe  D-30 


SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 

INPUT  -  1.44  VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  1  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

13.484 

238.632 

22.042 

598.947 

14.4 

DATA 

11.443 

240.000 

19.979 

598.737 

10.9 

14.021 

295.368 

21.684 

634.421 

7.4 

13.663 

254.105 

22.411 

624.947 

9.4 

11.309 

230.737 

29.926 

467.158 

5.2 

MEAN 

12.78/ 

251.768 

23.208 

584.842 

VARIANCE 

1.34$ 

531.965 

11.976 

3661.622 

STD.  OEV. 

1.160 

23.064 

3.461 

6A.S11 

INPUT  -  1.44 

VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

22.747 

344.526 

21.874 

544.737 

13.5 

OATA 

20.884 

341.895 

25.179 

629.895 

10.0 

18.621 

238.947 

21.779 

568.105 

8.5 

24.726 

290.632 

25.432 

581.158 

13.726 

173.579 

21.368 

546.632 

Hum 

HEAR 

20.141 

277.916 

23.126 

574.105 

VARIANCE 

14.366 

4219.337 

3.200 

963.103 

STO.  OEV. 

3.790 

64.956 

1.789 

_ 

31*0)4 

INPUT  -  1.44  VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 

IES 

ITES 

IAF 

ITAE 

STEP  TIME 

34.463 

319.474 

25.747 

607.684 

3.9 

OATA 

43.189 

464.789 

27.053 

648.842 

6.2 

39.326 

450.842 

24.411 

571.158 

9.2 

94.674 

781.684 

30.937 

667.895 

12.1 

99.916 

1050.316 

29.368 

725.895 

15.0 

MEAN 

49.514 

613.621 

27.503 

644.295 

VARIANCE 

104.529 

70764.269 

5.624 

2785.109 

STO.  OEV. 

10.224 

266.016 

2.371 

52.774 

122 


Table  D-31 
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subject  3  - 

INPUT  -  .56 

PERFORMANCE  MEASURES  FOR  K/S  CONTROLLER 
VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF 

PLUS  1  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

16.579 

415.263 

23.800 

768.737 

5.8 

DATA 

16.137 

392.842 

24.674 

720.842 

T.2 

12.937 

300.421 

21.104 

654.316 

10.3 

I7cl79 

340.842 

25.200 

684.000 

11.2 

15.368 

399.474 

23.347 

711.684 

13.0 

MEAN 

15.640 

369.768 

23.625 

707.916 

variance 

2.176 

1826.072 

2.007 

1465.094 

STD.  OEV. 

_  _ 

1.475 

42.733 

1.417 

38.277 

- — - - -  1 

INPUT  -  .56 

VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF 

PLUS  3  VOLT  STEP 

IES 

!TES 

IAE 

ITAE 

21.442 

478.211 

25.779 

771.789 

4.6 

OAT  A 

27.589 

415.263 

28.926 

726.316 

7.4 

26.095 

421.579 

28.958 

707.789 

10.1 

28.095 

553.789 

28.989 

771.158 

12.0 

26.653 

566.526 

29.179 

790.316 

16.1 

MEAN 

25.975 

487.074 

28.366 

753.474 

VARIANCE 

5.624 

4057.719 

1.681 

966.031 

STD.  DEV. 

2.372 

63.70C 

1.297 

31.081 

INPUT  -  .56 

VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  5  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME i 

41.726 

757.474 

23.737 

757.263 

DATA 

38.600 

608.967 

30.832 

729.158 

■r  * 

46.484 

653.053 

32.653 

750.316 

42.821 

600.842 

32.684 

781.579 

■  1 

48.211 

751.579 

30.295 

744.737 

wHSM 

HEAR 

43.568 

674.379 

31.040 

752.611 

VARIANCE 

11.738 

4601.687 

2.241 

295.631 

STD.  OEV. 

3.426 

67.936 

1.497 

17.194 
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Table  D-32 


SUBJECT  J  -  PERFORMANCE  MEASURES  FOR  K/S2 

CONTROLLER 

- - - - 

| INPUT  -  1.44 

VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OPF 

PLUS  1  VOLT  STEP  | 

r  TTT.m  J 

ITES 

IAE 

ITAE 

63.905 

1612.526 

48.168 

1312.000 

4.8 

OAT  A 

49.095 

1455.368 

41.747 

1270.947 

8.6 

40.116 

1133.579 

37.853 

1076.211 

12.0 

53.032 

1886.526 

43. SOS 

1367.053 

22.5 

48.147 

1372.21C 

41.442 

1217.158 

6.5 

MEAN 

50.659 

1492.042 

42.543 

1248.674 

VARIANCE 

60.161 

62667.000 

il.283 

9851.337 

STO.  OEV. 

7.756 

250.733 

3.359 

99.254 

_ 

INPUT  -  1,4 A 

VOLT  RMS  GAUSSIAN  WITH  .5  RADIAN  CUT-OFF 

PLUS  3  VOLT  STEP 

IES 

ITES 

IAE 

ITAE 

STEP  TIME 

74.442 

4356.632 

51.011 

1424.632 

12.? 

OAT  A 

6P.126 

4346.105 

52.274 

1348.842 

10.4 

49.411 

3679.579 

41.737 

1275.263 

8.5 

60.969 

3644.842 

42.547 

1049.263 

5.3 

61.137 

3837.053 

44.484 

1172. OOC 

15.1 

MEAN 

66.821 

3972.842 

46.411 

1254.000 

variance 

176.266 

99729.399 

19.203 

17440.725 

STO,  OEV. 

13.777 

315.800 

4.382 

132.063 

INPUT  -  1,44 

VOLT  RMS  GAUSSIAN  WITH  .5  “AOIAN  CUT-OFF 

PLUS  5  VOLT  STEP 

IE> 

ITES 

!  IAE 

1 _ I1AE _ 

STEP  TINE] 

957553 

42TOT5  " 

BMK.-VMy7.3BNI 

Minn  ri  — 

■■fcZUW 

DATA 

90.726 

4207.474 

51.147 

1244.316 

76.284 

3715.053 

44.779 

1133.263 

■C  M 

104.379 

4295.158 

53.389 

1575*579 

74.147 

3615.366 

45.566 

1335.895 

HQl  i  yH 

KEAN 

87.766 

4062.526 

49.402 

1319.453 

VARIANCE 

126.547 

60813.000 

12.487 

21261.900 

STO.  OEV. 

11.249 

246.603 

3.534 

145.815 

124 


G3/E3/69S-2 


Table  D-33 


SUBJECT  3  -  PERFORMANCE  MEASURES  FOR  K/S2  CONTROLLER 

INPUT  -  .56  VOLT  RMS  GAUSSIAN  WITH  1.5  RADIAN  CUT-OFF  PLUS  l  VOLT  STEP 


Its 

ITES  .... 

67.179 

2675.579 

OAT  A 

66.568 

2165.855 

5S.10S 

2078.862  | 

55.686 

2066.211  j 

82.663 

2797.676 

MEAN 

65.600 

2312.000 

VARIANCE 

68.686 

81366.666 

STO.  OEV. 

9.607 

285.213 

66.000 

50-276 

66.105 
66.032 

55.105 


68.?»~ 
16. w. 
6.101 


ITA 


1525.263 

>518.316 

1691.579 

1626.967 

1676.632 


1527.767 

6967.675 

83.352 


TEP  TIME 


INPUT  -  .56  VOLT  RMS  GAUSSIAN  KITH  1.5  RADIAN  CUT-OFF  PLUS  3  VOLT  STEP 


HEAN 
VARIANCE 
STO.  06V. 


IES 


71.116 

33-116 

79.189 

108.862 

97.568 


69.966 

179.098 

13.383 


2297.263 
2725.686 
2687.053 
2666.316 

3563.263 


27A  .916 
192592. 199 
638.853 


52.305 

59.737 

52.863 

61.367 

57.211 


56.693 

13.023 

3.609 


ITAE 


1586.621 

1719.676 

1595.579 

1536.000 

1608.967 


1669.286 

10017.725 

100.069 


STEP  TINE 


INPUT  -  .56  VOLT  RMS  GAUSSIAN  KITH  1.5  RAO I  AN  CUT-OFF  PLUS  5  VOLT  STEP 


HEAN 

VARIANCE 
STO.  OEV. 


IES 


82.000 

102.832 

115.053 

75.368 

109.579 


96.966 

262.211 

15.563 


ITES 


2051.579 

2985.368 

2338.967 

1866.211 

2393.686 


2322.758 

169378.199 

366.675 


IAE 


69.179 
58.686 

60.179 
69.653 
58.126 


STEP  TIME 


1375.579 

1623.579 
1638.210 
1356.000 
1511.36* 


55.086 

1660.967 

22.672 

9562.075 

4.761 

97.786 
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Appendix  S 

Real  line  Recording  from  the  Analog  Pro  Trams 


The  following  are  real  time  recordings  made  with  both  piloted 
and  model  systems  operating  simultaneously.  The  input,  output  and 
error  signals  are  shown.  Figures  E-1  through  E-6  show  the  output  and 
error  with  a  step  input.  Figures  B-7  through  E-1 3  show  the  output 
and  error  with  a  Gaussian,  and  Figures  E-1 4  through  3-20  show  the 
output  and  error  with  combined  inputs. 


GS/W69S-2 


Subject  1  -  K  Sysrtaa:  f  -  0.2,  Tj  =  3,  Xp  =  10 

Figure  B-1 
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Subject  2  -  K/S  System:  T  =  0.2,  Kp  ~  3 

Figure  E-4 
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Subject  1  -  E/S2  System:  'Y-  0.2,  Tj,  =  1,  Sp  =  2 


Figure  3-5 
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Subject  1  -  X  System:  'f  =  0.3,  Tj  =•  3,  Xp  =  15 


Figure  E-? 
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Subject  1  -  x/S  System:  Y  =  0,3,  K0  =  4 

Figure  3-10 
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Subject  1  -  K/S2  Svsten:  •f =  0.3,  =  3,  Kp  =  15 


Figure  S-12 


139 


GS/23/69S-2 


Subject  1  -  K  Systm;  Y=  0.3,  T&  =  3,  Xp  =  15 


Figure  B-14 
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Subject  1  -  K/S  System:  *f  =  0.3,  Kp  =  4 


Figure  S-l6 
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Input 
0.56v  H23 
1.5rad/sec  Ov 
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Subject  2  -  X/s  System;  ?'  =  0.3,  %  =  4 

Figure  E-18 
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